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ABSTRACT 

This r epor t  descr ibes  an a n a l y t i c a l  design study f o r  a high e f f i c i ency  

traveling-wave tube ampl i f ie r  f o r  use i n  a sa te l l i t e  t e l e v i s i o n  trans- 

m i t t e r .  Several  ampl i f i e r  vers ions were evaluated with the  following 

frequency, power and modulation spec i f i ca t ions :  

FREQUENCY OUTPUT POWER MODULATION 

850 MHz 

2 GHz 

2 GHz 

8 GHz 

11 GHz 

7.5 kW peak 

5 kW peak 

5 kW cw 
5 kW CW 

5 kW CW 

AM 
AM 

FM 
FM 
FM 

The design is based on the  coupled cav i ty  s t r u c t u r e ,  which is d i e l e c t r i c a l l y  

loaded and PPN focused f o r  the 850 MHz and 2 GHz vers ions t o  reduce s i z e  

‘and weight. The higher  frequency vers ions a r e  solenoid focused. A major 

emphasis of the s tud ie s  i s  placed on achieving very high e f f i c i ency .  

tube designs include therefore  ve loc i ty  resynchronizat ion using the mult ip le  

vol tage jump method a s  wel l  a s  mul t i s tage  c o l l e c t o r  depression, with pre-  

d i c t ed  e f f i c i e n c i e s  i n  the  range of 70 t o  80%. 

The 

The design of the tubes with amplitude modulation employs the  novel g r i d  

modulator technique, which p e r m i t s  l i n e a r  response over a l a rge  dynamic 

range with very high e f f i c i ency .  

The cool ing system c o n s t i t u t e s  an  i n t e g r a l  p a r t  of the  spacecraf t  using 

a combination of d i e l e c t r i c  and one way hea t  p i p e s .  
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ANALYTICAL STUDY PROGRAM TODEVELOP THE 
THEORETICAL DESIGN OF TRAVELING-WAVE TUBES 

by 0. G. Sauseng, A .  Basiulis, I. Tammaru 

Hughes Aircraft Company, 
Electron Dynamics Division 

I. SUMMARY 

The theoretical design of high CW power traveling-wave tubes for satel- 

lite television transmission is described. These tubes include a 7.5 kW 
peak power amplifier for amplitude modulation at 850 MHz, a 5 kW peak 
power amplifier for amplitude modulation at 2 GHz, and 5 kW amplifiers 

for frequency modulation at 2 GHz, at 8 GHz and at 11 GHz. 

The tubes are designed for a life expectancy of more than 5 years and 

for maximum efficiencies in the range of 70 to 80%. This is achieved 

with the novel multiple voltage jump method for velocity resynchronization 

and collector depression in four stages. The four-stage collector uses 
transverse magnetic velocity sorting and electrostatic suppression of 

secondaries. 

The amplifiers for amplitude modulation employ a new grid modulator 
technique, which permits linear response over a dynamic 

with very high efficiency. 

range of 20 dB 

The coupled cavity structure is used as the slow wave structure, which 

is dielectrically loaded for the 85O.MHz and 2 GHz tubes to achieve 

a substantial reduction of their diameter and weight. These tubes 

also use a light weight periodic permanent magnet focusing structure, 
while the 8 GHz and 11 GHz tube are focused with a wrapped-on solenoid. 

2 



A multiple heat pipe system, which constitutes an integral part of the 
spacecraft vehicle, provides cooling for the tubes. The heat pipe 
system uses dielectric heat pipes and one way beat pipes for low 

temperature cooling and high reliability, 

The report includes a state of the art review of high efficiency achieve- 
ments for traveling-wave tubes, of high average power traveling-wave tubes, 

and of life performance data of medium power space type traveling-wave 

tubes. Also listed are recent heat pipe achievements for microwave tubes. 
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11. INTRODUCTION 

This report describes an analytic design study for a high efficiency 

traveling-wave tube amplifier for use in a satellite television trans- 

mitter. Prime design objectives are long life, maximum overall effi- 
ciency and minimum weight. 

The estimated time of the launch is post 1975. This time frame permits 

exploring new concepts, methods, and techliiques which promise signi- 

ficant improvements beyond the present state-of-the art. 

The scope of these studies was therefore primarily directed to explore 

and evaluate new ideas rather than to provide hardware designs in 
meticulous detail. A s  a result of these studies, several new concepts 

were incorporated into the tube designs representing advancements in 

the state of the art. 

These new design concepts include: 

1. 

2. 

3 .  

4 .  

A multiple voltage jump taper for improved efficiency enhancement. 

A new design concept for multi stage collector depression using 

transverse magnetic velocity sorting and electrostatic suppression 
of backstreaming secondaries. 

A new grid modulation method for linear amplification of-amplitude 
modulated signals with very high efficiency. 

._ .-- - -  . . . 

Dielectric loading of the coupled cavity circuit structure to 

achieve a substantial reduction of the tube diameter and weight 
for the lower frequency tubes. 
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5. A new cooling system using both dielectric and one way heat pipes 

for superior heat transfer and low temperature tube operation. 

Some of these schemes have not yet been demonstrated and an experi- 

mental evaluation of their feasibility will therefore be required in 

order to incorporate them into tube hardware. 

In the following a review is given of the state of the art of traveling- 
wave tubes which establishes a reference for the advanced tube designs 

described here. The review covers efficiency achievements for traveling- 

wave tubes, the performance characteristics of a list of typical high 
average power traveling-wave tubes, and long life performance data on 

medium power space tubes. Recent heat pipe developments for microwave 

tube cooling are also described. 

This review is based on data obtained at the Electron Dynamics Division 
of the Hughes Aircraft Company, but these data can be considered typical 

for the present state of the art of traveling-wave tubes. 
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111. STATE OF THE ART OF TRAVELING-WAVE TUBES 

PRIOR TO BEGINNING OF CONTRACT 

1 A. HIGH EFFICIENCY ACHIEVEMENTS 

Methods for velocity resynchronization of the beam modulation with the 

circuit phase velocity at large signal levels have been studied and 

evaluated. With these methods, in particular with the voltage jump 
technique and with velocity tapering of the slow wave circuit, it 

has become possible to achieve efficiencies up to 63% on experimental 

X-band coupled cavity tubes at the 5 to 10 kW power level. Recently 

these methods were also applied to space type helix tubes at S-band, 

resulting in 55% efficiency with 30 watt power output. 

to 30 to 40% efficiency previously possible for conventional traveling- 

wave tubes. 

This compares 

The design of these methods is rather critical and a large signal 

computer program was found to be essential in analyzing the rather 

complex interaction process of a traveling-wave tube. These programs 

were continuously evaluated and compared with the experimental results 

and thus they became important design tools for advanced efficiency 

designs. 

The two velocity resynchronization schemes are illustrated with the 

velocity profiles of Figure 1. 
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Figure 1 Veloci ty  p r o f i l e s  of v e l o c i t y  taper and vol tage jump c i r c u i t .  

The ve loc i ty  taper  achieves resynchronizat ion by reducing the  c i r c u i t  phase 

ve loc i ty  along the  ax i s  a t  t he  same r a t e  as the  average beam ve loc i ty .  

Veloci ty  taper ing  can be appl ied continuously when a h e l i x  c i r c u i t  i s  used. 

For f i l t e r  type c i r c u i t s ,  such as  t h e  coupled cav i ty  s t r u c t u r e ,  ve loc i ty  

taper ing  is  only poss ib le  i n  s t e p s .  I n  a vol tage  jump, on the  o ther  hand, 

t h e  c i r c u i t  phase ve loc i ty  remains unchanged, while t he  beam is reacce lera ted  

near  the  output  end of the  tube with a vo l tage  jump on the  c i r c u i t .  

I n  comparing these  two methods, the ve loc i ty  taper could be expected t o  

be more e f f e c t i v e ,  s i n c e  i t  can be gradual ly  appl ied,  so t h a t  v e l o c i t y  

synchronizat ion is  f e a s i b l e  over a longer d i s t ance  than with the r a t h e r  

abrupt  vo l tage  jump. It  was found, however, t h a t  the  vol tage  jump method 

i s  usua l ly  more powerful. This becomes p laus ib le  when one considers  t h a t  

ve loc i ty  taper ing  is  genera l ly  assoc ia ted  with a reduct ion  of the  i n t e r -  

a c t i o n  impedance. The energy t r a n s f e r  becomes the re fo re  weaker i n  a 

ve loc i ty  taper ,  but  no t  i n  a vo l tage  jump c i r c u i t .  Moreover, the  
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voltage jump causes a reduction of the space charge forces in the 

beam. 

the beam modulation. 

These space charge forces generally have a degrading effect on 

Both-methods, the velocity step tapers and the even more effective 

voltage jump technique, have been extensively investigated in these 

studies . 

The following are some findings of these investigations: 

1. 

2. 

3 .  

4 .  

5. 

The velocity profile (for instance linear, quadratic or step 

taper) is not critical. 

The optimum position of tapers is given so that the input end of 
the taper is located at the saturation point of the driver section 

of the circuit. 

The optimum velocity reduction of the taper was about 50%. 

The optimum length of a taper or voltage jump section is the most 

critical design parameter. Its length must accurately be correlated 

to the electron beam modulation to be effective. 

computer program made it possible to arrive rather quickly at tts 

optimum design. 

The large signal 

The choice of the relative beam velocity (voltage) of the driver 
section deserves special consideration. This parameter determines 

the efficiency of the driver section, but also the beam modulation 

which enters the resynchronization section. This beam modulation 

is a rather important factor in making the velocity resynchronization 

effective. The beam modulation of a modulated electron beam at 

large signal levels is generally rather complex, but of significance 
is primarily the beam modulation current at the fundamental frequency. 
This is the only component of the beam modulation which is capable 

of energy transfer to the slow wave circuit. 

8 



It is found that the fundamental component of the beam modulation 

current becomes larger at lower voltages, until it reaches a maximum 

at the "optimum beam bunching voltage",which is lower than the maximum 

gain voltage. 

This "optimum beam bunching voltage" in the driver section of the cir- 

cuit provides indeed the largest efficiency enhancement with velocity 

resynchronization, even though the initial efficiency is then rather low. 

At this voltage, the harmonic beam current is comparatively small. At 

the "optimum overvoltage," on the other hand, the fundamental beam 

current is rather small, and practically no further efficiency improve- 

ment is possible with velocity resynchronization, at least not with the 

methods described here. At this voltage the harmonic beam modulation 

current is comparatively large. 

Conventional traveling-wave tubes are frequently designed for depressed 
collector operation. In this case the spent beem is decelerated and 
collected at a lower potential for further efficiency enhancement. The 

efficiency improvement with such conventional depressed collectors.how- 
ever is found to be limited. 3 J 4  

are primarily imposed by the beam modulation of the spent beam. Of concern 

is the average velocity of the spent beam, as well as the velocity modula- 

tion. The velocity distribution of the spent beam, or rather the velocity 
of the slowest electrons of the beam determine the limit of collector 

depressing before backstreaming of these low energy electrons occurs. 

2 

Limitations on the collector depression 

The velocity modulation of a spent beam generally exhibits very little 
correlation with the beam modulation currents. However, it is generally 

found that the average velocity spread of the spent beam is proportional 

to the basic (conversion) efficiency. Tubes with high conversion efficiencies 

will therefore contain very slow electrons in the speni beam, and less ef- 
ficiency improvement witb. conventional depressed collectors will therefore 
be possible for such tubes, 
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This is especially true for tube which employ velocity resynchronization 

for efficiency improvement. Theoretical and experimental invkstzigation 

on the velocjty distribution of such tubes' showed, that the average 

beam velocity is lower and the velocity spread of the spent beam is 

larger than is in conventional tubes. This is illustrated in9fgure 2 of 

the computed spent beam veLoc€ty characteristics of a velocity taper 

tube and a conventional tube with similar tube parameters.' 
Figure 2 it can be seen, that the velocities of the slowest spent beam 
electrons of the velocity taper tube are almost zero. 

collector will therefore not permit any depression without backstreaming. 
The velocities of the slowest spent beam electrons of the conventional 

From 

A conventional 

tube (with the same parameters) on the other hand are seen to be fast 

enough to permit 45% collector depression (with respect to the circuit 
potential Vo), before backstreaming with a conventional collector occurs. 

(Figure 2) 

I I I I I I I I 1 a 1 

- 2  .4 .6 .8 1.0 1.2 
O1 a. 

BIAS POTENTIAL (-TI 
Figure 2 Spent beam energy distribution (computed). 
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For high e f f i c i e n c y  tube, however, which have a l a rge  ve loc i ty  spread 

of t he  spent  beam, double s ta f fe  c o l l e c t o r  depression p e r m i t s  t o  achieve 

add i t iona l  e f f i c i ency  improvements. The spent  beam is  then separated 

i n t o  two ve loc i ty  groups and i s  co l l ec t ed  i n  two s tages . '  

e l ec t rons  of the  spent  beam a r e  depressed f u r t h e r  and a r e  co l l ec t ed  a t  

a lower p o t e n t i a l  than the  slower ve loc i ty  group. 

The f a s t e r  

The design of such double s t age  c o l l e c t o r s  can be r e l a t i v e l y  s imple .  

The f i r s t  c o l l e c t o r  s t age  is kept a t  the  c i r c u i t  po ten t i a l  (V ), while 

the second s t age  c o l l e c t o r  only  i s  biased, a s  shown schematical ly  i n  

Figure 3 .  

0 

3 

Figure 3 Schematic of double s tage  c o l l e c t o r  with 
s i n g l e  b i a s  vol tage.  

This type of c o l l e c t o r  has been genera l ly  used with the  tubes described 

here.  

imately a t  ha l f  the  c i r c u i t  po ten t i a l  V 

The optimum c o l l e c t o r  depression i s  found i n  most tubes approx- 

o r  
0' 

vc x .5 vo 

The beam curren t  i s  then co l lec ted  i n  near ly  equal amounts i n  both 

co l l ec to r  s tages .  
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1 Coupled Cwitv Tubes 

The velocity resynchronization methods described above have been applied 

to the coupled cavity slow wave structure. 

by reducing the cavity period, wh’ile care must be taken not to change 

the cut-off frequencies of the taper cavities. The v o h a w  jump method 

can be applied by separating a cavity with electric insuaation, such _. 
as mica. 

the RF perturbations of the insulation. 

Velocity tapering is achCevcd 

A conventional choke design can be applied to compensate for 

The velocity resynchronization schemes were investigated to a consider- 

able extent with experimental coupled cavity tubes at X-band. 

A demountable test apparatus was used for this purpose to facilitate 

design changes of the velocity resynchronization methods. 

had the following common design characteristics: 
These tubes 

Frequency X-band 

Cold Circuit Bandwidth 6% 

Focusing 

Gun Perveance 

Beam Voltage 

Output Power 

Co 11 ector 

So leno i d 

*5 IMP 
14 kV 

5 to 10 kW (pulsed) 
Double stage’ collector with 
single bias voltage 

The tubes were built without sever to avoid possible degrading effects 
of the sever on the efficiency. The gain had therefore to be restricted 

to less than 20 dB to assure stable tube operation. The efficiency I-J was 

therefore defined as 
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p.ut - 'in ' v =  
'0 

to correct for low gain effects. 

Where 
Pout = RF output power 
P ' = Input power reduced by cold loss of circuit 

= Sum of applied dc power fo tube (excluding heater and 
in 

solenoid). ' 0  

The inve$tigations were not limited tQ the voltage jump and the velocity 

step taper method, but were extended to combinations of these methods as 
well. 
efficiencies than was possible with either voltage jump or velocity taper 
only. The following circuit combinations have been evaluated: 

Such voltage jump-velocity taper combinations resulted in higher 

A .  Voltage jump 

B. Two-step velocity taper 

C. Combination voltage jump two-step velocity taper 

D. Combinations of a voltage jump and single step vefloeity taper 

Figure 4 gives the results of a voltage jvmp followed by a two-step velocity 
taper with an end velocity of 70% of the initial circuit phase velocity. 
This figure also shows a schematic of the velocity profiles for the circuit 
phase velocity and the beam voltage, including the collector region (col- 

lector grounded or depressed). 
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These velocities are defined as follows: 

= circuit phase velocity in driver section 
vO 
v1 = circuit phase velocity in first step velocity taper section 

v = circuit phase velocity in second step velocity taper section 
u 

u 
uc = dc beam velocity in depressed collector 

2 
= de beam velocity in driver section and in undepressed collector 

= dc beam velocity in voltage jump section 
0 

j 

Figure 4 Efficiency of combined voltage jump and two-  
step velocity taper circuit (measured). 
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The beam current is the variable in this plot. The frequency was held 

constant in the measurements. A l l  voltages, with the exception of the 

anode voltage, were also held constant. The drive level was optimized 

at each beam current value. The saturation gain was 20 dB for the 

optimum efficiency point. 

pression; more than 50% efficiency is achieved with a grounded callector. 

We note one efficiency behavior peculiarity associated with these taper 

methods: efficiency will increase with about the third root of the beam , 

current in typical traveling-wave tubes. Here, however, we see that an 

efficiency maximum is reached with a specific value of the beam current 

(corresponding t o  a beam perveance of .3~p). 

The efficiency reaches 58% with collector de- 

The circuit combination shown consists of a voltage jump and a two-step 

velocity taper. Very good efficiencies,however, can also be obtained 

with a simpler combination of a voltage jump and only a single velocity 

step taper. 

Figure 5 shows results from such a combination: A s  indicated on the 
velocity profile, there is a velocity step taper first -- with a velocity 
reduction of 12%. 
The frequency is the variable in this efficiency plot. 

The velocity taper is followed by the voltage jump. 
The current and 

all voltages are kept constant; the drive level was optimized at each 

frequency. The saturation gain was about 18 dB. “he efficiency (with 
a depressed collector) 
With a grounded collector, 45% efficiency is achieved at the center 

frequency. We note that the voltage jump in this configuration is 

applied to a tapered circuit section which already had a reduced phase 
velocity. This is a disadvantage because the interaction impedance of 
a circuit with a reduced phase velocity is inherently lower; a lower 

interaction impedance reduces the effectiveness of a voltage jump. There- 
fore, it appears attractive to apply the voltage jump to a circuit section 
without phase velocity reduction so  that sacrifices are unnecessary 

is about 50% over a 200 MHz frequency range. 
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in the interaction impedance. The velocity profile in Figure 6 ahows , 

how this can be done in such a combination. The higher phase velocity 

in the untapered voltage jump section is then compensated by an equivalent 

increase of the voltage jump magnitude to maintain the required synchronism 

between circuit wave and beam velocity in the voltage jump section. 

' 6 0  

5 0  

40 
A 

U a\o 
*30 

gza 

0 z w 

'LL  
LL 
W 

I C  

*O 

COLLECTOR 

1 1 1 I I I I I 1 .  
8.8 8.9 9.0 9-1 , 9.2 

- .  
Figure 5 Efficiency of combined velocity step and tapered 

voltage jump circuit (measured). 
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I I I I I I I ' - 11 70  

4 

- z  VELOCITY PROFILE 

I I I 1 1 1 I 1 I 
8.8 8.9 9 .O 9.1 9.2 

FREOUENCY .. . ( GHz ) 

Figure 6 Efficiency of combined velocity step and 
untapered voltage jump circuit (measured). 

These data were taken as a function of frequency. The current and all 

voltages were kept constant. The drive level was optimized at each fre- 
quency. The gain was then about 18 dB at saturation. A s  expected, the 
efficiency is higher, up to 62% with depressed collector and up to 53% 

with a grounded collector. The overall efficiency is higher than 50% 
over a frequency range of 350 MHz. This is more than half the "cold" 
bandwidth of this circuit (600 MKz). Although this is a relatively 

small bandwidth, these results are indicative of the large bandwidth 

capabilities of the taper methods. It is well known that such coupled 
cavity circuits can only operate efficiently for less than half the "cold" 
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bandwidth. Thus, no bandwidth lfmltations have been imposed by the 

taper methods and the bandwidth is limited only by the limitations of 

5 0  

40 

- 
9 30- e 

4 3 20- 
iz 
LL w 

I O  

the bqsic circuit. 

- 

- 

- 

In Figure 7 the performance of a velocity step taper is shown. The 
velocity profile in Figure 7 shows its configuration; a two-step .- 

velocity taper with a total phase velocity reduction of 30%. 

60 1 I I I I I I 

0 .. DEPRES SED - 
COLLECTOR. 

I I I I I I I 
0; 10 I I  12 13 14 15 I6 

CiRCUiT VOLTAGE % (kV) 

Figure 7 Efficiency of two-step velocity taper 
circuit (measured). 

The variable in this case was the circuit voltage. Current and fre- 

quency were kept constant, and the drive level was optimized at each 

voltage. This gave a gain of about 20 dB at saturation. Note that the 

efficiency becomes a maximum with a voltage of 12.5 kV to produce enhanced 
beam bunching in the driver section. 

voltage of 16 kV, and about 19 kV optimum overvoltage to obtain maximum 
efficiency without tapering. The tube achieves 38% efficiency with the 

grounded collector and 50% with collector depression. 

This compares to a maximum gain 
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These results have been tabultated in Table I. 

The cases I, IIA and T I B  are the voltage jump velocity taper combina- 

tions discussed previously. 

taper and I V A  and I V B  are the two voltage jump circuits used in our 

combinations. 

Case 111 is the straight two step velocity 

One has a lower and the other a iiigher interaction impedance. 

The experimental tubes described above operate over a comparatively small 
bandwidth (3%).  However, the velocity resynchronization methods are 
not restricted to such small bandwidths. 

An increased bandwidth version of the voltage j1:mp tube was therefore 

evaluated with the demountable test apparatus, 

are shown in Figure 8. 

The efficiency data 

80 

TTH DEPRESSED COLLECTOR 
e 60 

!!! 40 

> 
0 z 
0 
lL 
LL 
w -  

- 
"2 0 

0 
816, 8.0 9.0 9.2 9.4 9.6 9.8 10.0 

FREQUENCY (GH2) 

Figure 8 Efficiency of X-band coupled cavity tube for 
increased bandwidth with voltage jump (measured). 
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Nearly 10% bandwidth have been achieved with t h i s  tube with approxi- 

mately 50% e f f i c i ency .  

t o  provide output power of 10 kW. The ga in  of t h i s  tube is  approxi- 

mately 18 dB, s ince  no sever i s  used. 

This tube has  an increased perveance of 1.15 pp 

The vol tage jump and ve loc i ty  t ape r  method a r e  not  the  only ve loc i ty  

resynchronizat ion schemes ava i l ab le  f o r  e f f i c i ency  enhancement on coupled 

cav i ty  tubes.  

cons i s t s  of a s e r i e s  of small  vol tage jump s e c t i w s  with increasing beam 

vol tage r e s u l t  i n  super ior  e f f i c i ency  improvements compared t o  the  ve loc i ty  

reSynchronization methods descr ibed here ,  This  new method has been used 

f o r  the e f f i c i ency  design o f the  proposed tubes. 

It  has been found t h a t  mult i -vol tage jump tapers, which 

Hel ix  Tubes 

The ve loc i ty  resynchronization methods can be appl ied t o  the h e l i x  slow 

wave s t r u c t u r e  o r  o the r  c i r c u i t s ,  The h e l i x  c i r c u i t  o f f e r s  the  advantage 

i t h a t  the des i red  length of a h e l i x  taper  o r  vol tage jump sec t ion  can be 

accura te ly  obtained, while the lengths  of coupled cavi ty  sec t ions . a re  va r i -  

ab le  only i n  s t e p s  due t o  the pe r iod ic i ty  of t h i s  s t ruc tu re .  

Helix c i r c u i t s  can e a s i l y  be designed with a continuous ve loc i ty  taper  

by varying the h e l i x  p i t c h  accordingly.  

Voltage jump c i r c u i t s  however have the problem t h a t  an i n t e r n a l  h e l i x  coup- 

l i n g  between the  d r i v e r  h e l i x  and the vol tage jump h e l i x  can not e a s i l y  be 

achieved. IC i s  poss ib le  however t o  bypass t h i s  problem with an ex terna l  

h e l i x  coupling through coaxia l  windows as shown schematically i n  Figure 9. 
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Figure 9 Schematic of helix tube with voltage jump. 

The voltage jump helix is electrically insulated by two dc blocks at its 

input and output. 
and allow to apply a higher voltage to the helix. A phase shifter has 
to be inserted between driver and voltage jump helix to compensate for 

undesired phase shifts of the circuit wave in the transition path. 

These dc blocks permit undisturbed RF transmission 

The gap in the voltage jump transition is exposed to a dc acceleration 

field, which may cause a perturbation of the beam focusing if the gap 

is too small. If the gap is too large, on the other hand, the beam 

modulation may deteriorate in the transition of the gap and 

cause an efficiency degradation. 

may thus 
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The large signal computer program was modified to analyze the effect of 

such voltage jump gaps with a linear voltage gradient assumption. 

The space type helix tube with PPM focusing for S-band was designed with 

a voltage jump and a single biased double stage collector with data obtained 

from the large signal computer analysis. The efficiency data of this tube, 

shown in Figure 10, demonstrate the feasibility of this technique for 

helix tubes. 

I I I I I I I I 
WITH DEPRESSED 

c 
\o 

0 
2 
W 

: 60 
- 

4 0  
LL 

r L L  
w 

4? 0 

I o =  35mA 
0' I 

I I I I I I I 
1.9 2.0 2.1 2.2 2.3 2.4 2.5 2.6 2.7 

F R E QUE NCY ( G H t )  

Figure 10 Efficiency of S-band space type helix tube 
with voltage jump (measured). 

The efficiency with depressed collector is approximately 50% from 2.1 GHz 

to 2 . 6  GHz, with a power output of 30 watts. The tube was built without 

an attenuator to avoid possible degrading effects on the efficiency. 

saturation gain was approximately 12 dB. The drive level and the phase 
The 
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in the voltage jump transition was optimized for each frequenky (Figure 9). 
The required phase changes correspond to thasewhich would be produced by 

a helix line with the length of the gap. 

The distortion characteristics of space tubes which are used for communi- 

cation purposes is of concern. These data were therefore evaluated for 

the described tube. At saturation the AM - PM conversion was measured 
to 1°/dB, the third order intermodulation distortion to -12 dB. These 

data compared favorably to those of conventional traveling-wave tubes. 

The intermodulation distortion of such velocity resynchronization tubes 
can be expected to be low, since these tubes operate with enhanced beam 

bunching, where the harmonic beam modulation current is suppressed. 

It appears possible to apply awelocity taper or a combination of a 
voltage jump and a velocity taper to a helix tube. 

ciency improvements can then be expected also. 

Significant effi- 

B. HIGH AVERAGE POWER TUBES 

The Electron Dynamics Division of Hughes Aircraft Company has been en- 
gaged for many years in the development and production of high average 

power traveling-wave amplifiers with operating frequencies ranging from 

C-band to Ku-band. 

communication transmitters. These tubes use the coupled cavity slow wave 

s truc ture . 

Several of these tubes are used for satellite ground 

This bandpass filter structure has many advantages for high power 

traveling-wave amplifiers: 
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The high interaction impedance of this circuit assures high gain per 

unit length and high efficiency. It has become the standard for multi- 
kilowatt traveling-wave tubes above S-band. Its advantages are a large 

thermal mass (because of the all metallic construction) and its ease 

of adjustment from very narrow to almost 40% bandwidth. 

In the past, operation has been limited to a few percent bandwidth because 

of bandedge oscillations. This is due to the bandpass characteristics 

of this type of circuit, with its high reflection and impedance at the 

upper and lower cutoffs. A technique of including lossy elements, resonant 
at the cutoffs, within the circuit, was developed. 

The resulting tubes have wide, oscillation-free operating ranges that aid 
in trouble free operation. The all metallic construction assures the 

good thermal path to the cooling medium necessary in high power devices. 

This technique has been employed for several years on low duty pulsed 
tubes. However, a careful study of materials, methods and techniques 

was required to prevent over-heating and gassing for tubes, to be operated 

at CW. 

The coupled cavity circuit structure is uniquely suitable for the design 

of a highly effective, light weight magnetic focusing structure, which uses 

periodic permanent magnets. This focusing structure can be incorporated as 
an integral part of the circuit structure and offers a high quality focusing 

system with substantial weight and size reductions when compared to solenoid 

focusing. 

Stable high gain is achieved by dividing the circuit into separate sec- 

tions which are completely isolated from each other in an RF sense. The 
only coupling from one section to the next is through the modulated elec- 

tron beam which can travel in one direction only. Consequently, there 

can be no feedback from the output to the input to cause regeneration -- 
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even if more sections are added to give still higher values of RF gain. 
This technique allows a straightforward design approach for arbitrarily 

high gains. 

cuit of the tube. 

High gains are achieved merely by adding length to the cir- 

The coupled cavity structure is also extremely rugged 
severe shock and vibration. It is suitable for space 

and can withstand 

applications. As 

the reliability of these tubes was being improved, the power level and 

gain were also being raised to the present level of 10 kW CW at X-band 

with 55  dB of small signal gain. 

In Table I1 a variety of these tubes with their performance characteristics 

are listed. These tubes can be considered representative for presently 
available high average power traveling-wave tubes. 

The design and performance features of several of these tubes are 

described below: 

10 kW CW X-band Traveling-Wave Tube (710H) 

The high gain 
of high average power X-band tubes. Some of these have been in pilot 
production for a number of years. 

level tube have been fabricated. This indicates both the advanced 

nature of the refinement of this device and the valuable experience 

gained in identifying its critical problem areas. 

10 kW.CW traveling-wave amplifier is one of a variety, 

More than 200 models of the 10 kW 

Figure 11 shows the tube after processing and before being packaged in 
its focusing solenoid. 
tions to obtain the 55 dB of stable gain. The two extra waveguide windows 

are used to install external loads to terminate each side of the last sever. 

The circuit is severed into three separate sec- 
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Table I1 High average power traveling-wave tubes. 

RANGE 
GHz 

5.9 - 6.4 

5.4 - 5.9 

5.4 - 5.9 

4.4 - 5.0 

7.9 - 8.4 

8.4 - 9.2 

8.5 - 9.5 

9.0 - 10.0 

8.7 - 9.3 

15.3 - 16.5 

16.0 - 16.5 

- 
TUBE PEAK 

kW 

8 CW 

75 

2 00 

10 cw 
1.2 cw 
1.5 CW 

75 

25 

10 cw 
8 CW 

100 

6 14H 

6228 

635H 

636H4 

745H 

722H 

307H 

750H 

7t10H 

817H 

82 8H - 
9; in develoDment 

- 
AVERAGE 

kW 

a 
2 

8 

10 

1 .2  

1 ,5  

1 

.5 

10 

8 

.5 

- 
GAIN 
dB - 
45 
50 

50 

11 

35 

40 

50 

50 

50 

40 

53 

EFFICIENCY 
WITH 

DE PRES SED 
COLLECTOR 

35% 

22% 
(No Gollector 
depression) 

25% 
(No collector 

50% 

30% 

18% 
(No collector 
depression) 

37% 

40% 

40% 

35 % 

depression) 

35% 

TYPE 
FOCUS INC 

Solenoid 

P P N  

Solenoid 

So 1 eno id 
So 1 eno id 

Solenoid 

PPM 

PPM 

Solenoid 

Solenoid 

PPM 

Figure 11 High gain 10 kW CW X-band traveling-wave amplifier 
without solenoid. 
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Recently, an internal termination capable of abaorbing over 700 W has 
been developed for this tube, This allows up to 3 kW average output 
power with an internal type of termination rather than the external 
sever connections. 

The collector, with a large insulator to permit collector depression, 

projects between the waveguide flanges. Coolant connectors are attach- 

ed to the body and the collector. Appendage ion pumps are included at 
the exhaust manifold between the waveguide extensions and at the gun 
to assure good pressure during preliminary tests. Figure 12 shows the 
tube packaged for operation within the focusing solenoid. Various 

detailed operating results were prepented in earlier sections of this 

discussion. Some of the pertinent parameters are: 

Frequency 
Bandwidth 

Gain (saturated) 

Power output 
Power input 
Efficiency 

Efficiency (with depressed 

Cathode voltage 

Cathode current 

Perveance 

Focusing 

collector) 

X-band 

10% 
53 dB typical 

10 kW 
10 - 100 mw 
25% 

35 - 40% 

-20 kV 

2.5 A 

.88 X 
S ol enoid 
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Figure 12 10 kW CW X-band traveling-wave amplifier 
packaged in focusing solenoid ready for RF 
operation. 

8 kW CW X-band Traveling-Wave Tvbe (614H) 

The C-band CW traveling-wave amplifier (614H) was developed from experi- 

ence gained on the X-band tube. 

is included below: 

A summary of the major specifications 

Frequency range 
Gain 40 dB 

5.9 - 6.4 GHz 

Power Output 

Efficiency 

8 kW 
18% 

Efficiency (with depressed 
collector) 35% 

Cathode voltage 

Cathode current 
Perveance 

Focusidg 

-18.6 kV 
2.9 A 
1.2 x 
Solenoid 

Figure 13 is a photagraph of the 614H without its focusing solenoid. 
Note the similarities (efticept size) in layout with the X-band tube. 
This indicates the degree to which prior experience is utilized. 
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Figure 13 8 kW CW C-band traveling-wave tube without 
solenoid. 

Figure 14 shows the 614H as it would appear in a completed package 

with solenoid. 
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Figure 15 shows the power output versus frequency for the latest tube 

this type. 
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*~ 

Figure 15 
614H power output vs. 
frequency for various 
beam voltages. 

Ku-band 10 kW CW Traveling-wave Tube C817H) 

Recently the Hughes Electron Dynamics Division conducted a study of high 

power transmission tubes above X-band for use in satellite communication 

ground terminals for the U, S .  Army Electronics Connnand (Contract No, DA 
28-043 AMC-O0234(e)). This study shows that coupled cavity traveling-wave 
tubes are feasible for operation at the 15 to 16 GHz and 31 to 32.3 GHz 

frequency bands a$ power levels of 10 kW and 2S kW CW. 

As a part o f  this prQgram, one experimental tube (817H) was constructed. 
This tube was operated to 8.7 kW CW at 15.54 GHz. Although the limited 

scope of the experimental portion of the study program allowed only one 
tube to be built, the capability of the coupled cavity traveling-wave 
tube approach to high average power, even at Ku-band frequencies, was 
demonstrated, 
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The basic design features and mechanical construction of the 817H are 
closely related to the more fully developed X-band tube (710H), discussed 

before. The 817H is essentially a more narrow band version of the 710H 

scaled to operate at Ku-band. 

The 817H uses a cathode modulated electron gun and is solenoid focused, 

The beam perveance is 0.9 X 10 . The beam diameter is 0.059 inch and 

the resulting ya is approximately 1.45. To obtain a gain of 40 dB the 
interaction circuit is severed into three sections. The terminations 
at the first sever are provided internally. Because of the very high 

RF power of this tube, the relatively small internal terminations can 

not handle the power at the second sever. Therefore, the circuit is 

matched to external waveguide and the terminations for this sever are 
provided externally. For this reason four RF windows are required on 

the 817H. 

-6  

Figure 16 shows the completely assembled 817H after vacuum processing 
and pinch-off but prior Co placing it in the focusing solenoid. A s .  

can be seen, appendage vacuum pumps remain on each end of the tube. It 
has been found that with proper processing, the pump at the gun end is 

not essential. 

Figure 17 shows a typical curve of efficiency and beam transmission as 

functions of collector depression voltage taken under pu'lsed conditions 
at a frequency of 15.33 GHz. The RF output power was approximately 11.6 kW. 

The 817H was operated both pulsed and CW over a wide range of operating 
conditions. It was oscillation free for a cathode voltage range of -13 kV 
to -24 kV. Figure 18 shows saturated power output versus frequency under 

pulsed conditions. 
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Figure 16 Finished view of experimental tube 817H, without 
focusing solenoid. 
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Figure 17 817H beam transmission and efficiency vs. 
collector depression at -20 kV beam voltage. 

33 



221 I I 1 I 1 '  1 1 I I I 
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Figure 18 Pulsed RF power output vs. frequency of 817H. 
is cathode vol tage .  The dashed por t ions  of the curves 
i n d i c a t e  t h a t  t he  d r i v e  l e v e l  i s  not s u f f i c i e n t  f o r  
s a t u r a t i o n .  

Parameter 

75 kW, Gridded, Pe r iod ica l ly  Focused, C-band TWT (621H) 

The 621H i s  shown i n  f i r s t  packaged form i n  Figure 19. 

g r i d  e l e c t r o n  gun. 

It uses  a "shadow" 

The 621H i s  designed t o  meet: t he  following requirements; 

Frequency range 

S m a l l  s i g n a l  ga in  

Peak output power 

Duty cyc le  

Cathode vo l t age  

Beam cu r ren t  

Perveance 

Grid vol tage  (with r e spec t  t o  

Grid b i a s  

cathode) 

5.4 t o  5.9 GHz 

50 dB 

75 kW 

.02 

-36 kV dc 

10 amp peak 

1.5 X lom6 

400 V peak 

-800 V dc 
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Focusing 

Coo 1 ing 
Weight 

Periodic permanent magnet 

Liquid 

36-112 pounds 

Figure 19 621H - 75 kW PPM focused C-band traveling-wave tube. 

Figures 20 and 21 show typical small signal gain and saturated output 
power versus frequency curves of one of the early developmental models 

of the 621H for several values of beam voltage. 
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Figure 20 621H gain vs.frequency. 

Figure 21 621H power output vs. frequency. 

36 



307H High Average Power X-band PPM Tube 

The 307H is a broadband, high power traveling-wave tube. This production 

tube has high efficiency with high gain per unit length; 50 kW peak power 

is attained in this lightweight, periodic permanent magnet focused traveling- 

wave tube. 
the major specifications is included below: 

A photograph of the 307H is shown in Figure 22. A summary of 

Frequency 
Power output 

DUtY 
Gain (saturated) 

Gain (small signal) 
Cathode voltage 

Cathode current 

Anode voltage 
Anode voltage (cutoff) 
Heater voltage 

Heater Current 

Cooling - Collector 
Body 

Length 

Diameter 

Weight 

Efficiency 

8.55 - 9.45 GHz 

50 kW minimum 

1% (tested to 4%) 

50 dB 

56 dB 

-36 kV 

10 A 
0 

-37 kV 
11 V ac 
5.5 A 
1.5 GPM H20 
.5 GPM H20 
22-1/6 inches 

3-1/2 inches OD 

25 pounds 

37% 
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Figure 22 50 kW X-band pulsed traveling-wave tube 307H. 

C. LIFE PERFORMANCE OF TRAVELING-WAVE TUBES 

Medium Power Tubes for Space Applications 

The Electron Dynamics Division of Hughes Aircraft Company has been the 

supplier of approximately 80% of the traveling-wave tubes used in space 
applications. 
years to develop the technology and the special facilities necessary to 
manufacture traveling-wave tubes with the required extreme reliability 

in space environment. These tubes are generally very rugged, very ef- 

ficient, light weight and small with PPM focusing and a helix slow wave 

structure. Their operating frequencies range from S-band through Ku-band 

with power levels up to 30 watts. 

Substantial efforts have been devoted over a number of 

In order to evaluate the life expectancy of these tubes, extensive life 
tests were initiated a number of years ago, which are still continuing. 

In Table I11 several of these tubes are listed as well as their applica- 

tion in space. 
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Table I11 Long life tubes for space applications. 

1. 

2. 

3. 

4. 

5. 

6 .  

7, 

8.  

The Hughes 314H, a 2 to 5 watt CW, 1.5 to 2.5 GHz tube, 

is,the Syncom I Satellite Transponder Output Amplifier. 

The Hughes 349H, a 10 to 12 watt CW, 1.8 to 3.2 GHz tube 
for the Surveyor Telecommunications System (Mariner and 

Lunar Orbiter). 

The Hughes 384HA, a 4 watt CW, 3.0 to 5.0 GHz tube, is 

the Applications Technology Satellite Transponder Output 

Amplifier, 

The Hughes 384H, a 4 watt CW, 3.0 to 5.0 GHz tube, i s  the 
Advanced Syncom Satellite Transponder Pmplif ier (now ATS) . 

The Hughes 394H;a 5 or 20 watt CW, 1.8 to 3.0 GHz tube 

for NASA's Apollo Spacecraft Transponder. 

The Hughes 214H, an 8 watt CW, 2.2 to 2.4 GHz tube for 

the Pioneer Telecommunications System, 

The Hughes 215H, a 6 watt (3, 3.0 to 5.0 GHz tube for 

the Early Bird Communications Satellite Transponder. 

The Hughes 226H, a 50 mW CW, 3.0 to 5.0 GHz tube is &:he 
driver tube for the Intelsat IT, Communications Transponder 
Output Amplifier. 

These tubes have accumulated a very substantial amount of successful 
total life test hours as shown in Table IV. 
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Table IV Total accumulated hours of life testing for space tubes 
(711168). . 

TUBE TYPE I 
384H 
384HA 

2 15H 

394H 

3 14H 
349H 

2 14H 

226H 

12 

13 
10 

5 

9 
8 
2 
3 

62 
- 

TOTAL HOURS 

431,300 

161,500 

112,560 

55,585 
484,100 

247,200 
32,025 

46 , 880 
1,5719 150 

The life testing includes emission evaluation, failure-mode evaluation, 
an evaluation of on-off switching, filament warm-up, of cold  starts 

without a filament warm-up period temperature cycling, and of the storage 
time effects under operational conditions. 

In Table V, VI and VI1 the individual accumulated hours of successful 

life testing for several of these tubes are listed. 

Table V Continuous life test data on 384H TWT (7/1/68). 

TUBE TYPE 

3 84H 

3 84H 

3 84H 

3 84H 

3 84H 

3 84H 
3 84H 

384H 

SERIAL NUMBER 

39 

45 
48 

49 

53 

55* 

67 
68 

TOTAL OPERATING TINE 
(hours ) 

37,900 
36,000 

38,800 

37,300 

37,800 
17,100 

38,500 

36,400 
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Table V Continued. 

* I I 
Removed from test  - equipment malfunction 

Table V I  Continuous l i f e  t e s t  da ta  on 314H TWT ( 7 / 1 / 6 8 ) .  

TUBE TYPE 

3 14H 

3 14H 

3 14H 

3 14H 

3 14H 

3 14H 

3 14H 

3 14H 

3 14H 

SERIAL NUMBER 

6 

11 

12 

14 

18 

20 

37 

39 

55 

TOTAL OPERATING TIME (9 TWTs) 

TOTAL OPERATING TIBE 
(hours) 

54,100 

54,300 

54,300 

58,500 

53 600 

55 3 600 

54 400 

53,400 

45 900 

484,100 
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Table V I 1  Continuous l i fe  kestldaOa on 349H 'BXC (7/1/68), 

SERIAL NUMBER TOTAL OPERATING HOURS 

25 24,400 
* 

51 

5 6* 
69 

52* 

97* 
101* 

51,300 
23,800 
26,000 

51,900 

20,500 
19,200 

30,100 I 110 
TOTAL OPERATING TIW3 (8 - 349H "T) 247,200 

I I I I *  Removed from test due to end;of-life. 

CYCLES 

45,150 

45,150 

It can be seen that a number of these continue to perform after continuous 
life testing of approximately 50,000 hours. Although these data are 
restricted to tubes made by the Hughes Alrcraft Company, they can be 

considered representative for these low powered tube types. 

Life Tests on High Power Tubes 

Life tests have been carried out on several pulsed kilowatt power level 

traveling-wave tubes, which use either coupled cavity circuit or helix 

slow wave structure. 

3000 hours operation. 
limitations of the test equipment. 

Table V I I I .  

These tubes are generally designed for 2000 to 
The life tests had to be discontinued due to 

These life test data are listed in 
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The Electron Dynamics Division of Hughes Aircraft Company is actively 
investigating new concepts and methods of heat transfer and cooling for 

traveling-wave tubes, especially heat pipe cooling. Heat pipe coolZng 
utilizes the evaporation heat of fluids for cooling purposes. This method 

provides superior heat transfer characteristics when compared to conventional 
liquid cooling techniques. This cooling method requires no pumps, since 
the transport of the fluids is accomplished by capillary action. Power is 
therefore saved and the tube can operate more efficiently than a tube with 
conventional liquid cooling. The capillary pumping method is gravity-inde- 

pendent and thus it is ideally suitable for space applications. A heat pipe 

cooling system operates at nearly isothermal conditions over large areas and 

thus can be considered more reliable than other heat transfer methods. 

Design methods for heat pipes are now well e~tablished~,~’~. 

in this area at Hughes Aircraft Company led to the development of one-way 

heat pipes and of dielectric heat pipes for depressed collector operation. 

These devices are described here. 

Recent efforts 

1. Dielectric Heat Pipe 

The dielectric heat pipe is a device which has the ability to remove 
heat from a heat source (traveling-wave tube) while, at the same time, 

serving as an electrical insulator. 

capable of removing up to 1000 watts of dissipated power from the 
collector while the voltage was depressed 12,000 volts. 
shows a heat pipe built around a traveling-wave tube collector. 

this particular heat pipe the working fluid and the wick are dielectric 
materials and, thus, the device is also a good electrical insulator. 

To date theoe devices have been 

Figure 23 

In 

However, the dielectric strength of the device drops off very fast, 

according to Paschen’s Law , when the operating temperature is reduced, 
since the pressure inside tlp device drops expontentially with temperature. 

5 
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There are seve ra l  methods to  compensate f o r  t h i s  e f f e c t .  Among 

these are gas displacement, l i q u i d  displacement, and prehest ing.  In 

the  gas displacement method (shown i n  Figure 24a) i n e r t  gas a t  

room temperature and atmospheric pressure  i s  introduced above the  

working f l u i d .  During operat ion,  vapor d i sp l aces  the  i n e r t  gas 

i n  the  condenser a rea  and the  i n e r t  gas i s  displaced i n t o  the  

expanding bellows. 

placement system (Figure 24b). 

a t  room temperature with working f l u i d .  A s  the  device begins t o  

operate ,  vapor w i l l  d i sp l ace  the  excess l i q u i d  from the  condenser 

t o  the  expanding bellows. During shutdown the  bellows w i l l  force 

the  f l u i d  back i n t o  the  condenser maintaining the  des i red  pressure 

upon cooling and, consequently, vo l tage  breakdown s t rength . .  This, 

however, would r e s u l t  i n  a r a t h e r  bulky and s t a t i o n a r y  device.  
Another p o s s i b i l i t y  t o  so lve  the  s t a r t -up  problem a t  low pressures  

A similar approach i s  used i n  the  l i q u i d  d i s -  

I n  t h i s  case, the  chamber i s  f i l l e d  

would be t o  prehea t  the  hea t  pipe before the  operat ion begins. 

The d i e l e c t r i c  heat  pipe employs the technique of introducing 

d i e l e c t r i c  gas i n t o  the  vapor space (Figure 24c). The d i e l e c t r i c  gas 

can maintain the  required d i e l e c t r i c  s t r eng th  a t  low pressures ,  which 

e x i s t  below opera t ing  temperatures. Thus, the  d i e l e c t r i c  s t r eng th  i s  

maintained by gas a t  low tempera tures  and by the  vapor of the  hea t  

pipe f l u i d  a t  higher  temperatures. This i s  i l l u s t r a t e d  by the  curves 

of Figure 25, where the breakdown vol tage i s  p lo t t ed  as a funct ion of  

temperature f o r  a hea t  pipe charged with Dowthenn A working f l u i d .  

can be seen t h a t  the  d i e l e c t r i c  s t r eng th  of the  system f a l l s  off very 

r ap id ly  with lower temperatures. However, when a d i e l e c t r i c  gas such 

as SF a t  300 mm Hg pressure is introduced, the  system can withstand 

vol tages  up t o  15 kV even a t  l o w  temperatures. 

It 

6 
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The d i e l e c t r i c  gas pressure  i s  chosen high enough t o  provide 

adequate vol tage  breakdown insu la t ion  f o r  the  lower l i m i t  of the 

temperature range of the  system. 

The p r inc ip l e  of t h i s  method i s  i l l u s t r a t e d  i n  Figure 24c and 24d. 

Without any app l i ca t ion  of heat ,  the  volume ins ide  the hea t  pipe 

i s  f i l l e d  with a mixture of gas and vapor (Figure 24e). The gas 

pressure  i s  approximately 300 mm of mercury. 

gas has s u f f i c i e n t  d i e l e c t r i c  s t r eng th  t o  prevent breakdown, whereas 

the  vapor a lone would not.  Hence, the device can be  operated a t  

high vol tage  from a cold s t a r t .  A s  hea t  i s  appl ied,  the pressure 

i n  the  hea t  pipe increases  because of bo i l i ng  of the  working f l u i d  

and, t o  a l e s s e r  degree, because of thermal expansion of the gas. 

Both vapor and gas modecules a r e  forced t o  ca r ry  t h e i r  energy t o  

the  cold por t ion  of the  device.  The hea t  pipe vapor condenses on 

the  wick sur face  where the condensate i s  drawn i n t o  the wick and 

returned toward the heated end by c a p i l l a r y  ac t ion  t o  replace the 

f l u i d  being removed by evaporation. The gas molecules, however, 

being non-condensable, a r e  not absorbed i n t o  the  wick. They a r e  

t ry ing  t o  migrate i n  a l l  d i r e c t i o n s  according t o  k i n e t i c  theory, 

but  t h e i r  progress toward the hot  end of the  hea t  p i p e  i s  impeded 

and reversed by c o l l i s i o n  with the  la rge  number of molecules i n  

the  vapor dr iven of f  from the heated sec t ions .  Accordingly, a s  more 

hea t  i s  appl ied,  the gas molecules a r e  crowded i n t o  the  cold end 

of the  hea t  p ipe .  It  i s  seen t h a t  the e f f e c t i v e  condenser a rea  

(Figure 24d) becomes l a rge r  u n t i l ,  a t  steady state, the  required 

condenser a rea  t o  give up the  hea t  t o  the  outs ide  i s  achieved. 

A t  high vol tage,  the 

Table IX charac te r izes  typ ica l  working f l u i d s  and d i e l e c t r i c  gases 

s u i t a b l e  f o r  operat ion i n  d i e l e c t r i c  hea t  pipes ,  Choice of a work- 

ing f l u i d  and gas demands considerat ion of severa l  c h a r a c t e r i s t i c s .  

The f i r s t  i s  compat ib i l i ty  of the f l u i d  with the gas and i n  combina- 

t i o n  with hea t  p i p e  mater ia l s .  Operating temperature requirements 
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def ine  the  choice of f l u i d ;  i t s  atmospheric b o i l i n g  po in t  should 

be wi th in  ilO% ( i n  degrees) of t he  des i r ed  opera t ing  temperature ,  

The choice of hea t  pipe f l u i d  and gas i s  f u r t h e r  narrowed by re- 

quirements f o r  h ighes t  poss ib le  l a t e n t  hea t  of vapor iza t ion ,  h ighes t  

poss ib le  sur face  tens ion ,  and the  lowest poss ib le  v i scos i ty .  The 

d i e l e c t r i c ,  o r  e lec t ronegat ive  gas ,  must be s t a b l e  a t  opera t ing  

temperatures;  it m u s t  have s u f f i c i e n t l y  high d i e l e c t r i c  s t r eng th  

a t  design pressure ;  and i t s  b o i l i n g  poin t  must be below the  lowest 

hea t  pipe s t a r t - u p  temperature. P re fe rab ly ,  the gas should a l s o  be 

nontoxic.  Typical breakdown vol tage curves fo r  d i e l e c t r i c  gases a t  

300 mm Hg pressure a r e  presented i n  Figure 26 and 27 .  Figure 27  

p l o t s  the  breakdown vol tage as a funct ion of pressure f o r  s eve ra l  

mixtures of cool ing f l u i d s  and SF 6 '  

The l i f e  performance of d i e l e c t r i c  hea t  pipes  has been evaluated 

i n  l i f e  tests f o r  var ious  heat  pipe f l u i d s  with and without 

d i e l e c t r i c  gases. These l i f e  tes t  da t a  have been compiled i n  

Table X. D i e l e c t r i c  hea t  pipe operat ion i n  excess of 10,000 

hours has been achieved so f a r .  

Figure 28  shows a p i c tu re  of a d i e l e c t r i c  heat  pipe c o l l e c t o r  

t e s t e d  with e l e c t r o n  beam heat ing.  This heat  pipe has a gas r e se r -  

v o i r  with b a f f l e s .  I t  opera tes  with a beam power load of 860 wat t s  

on the  c o l l e c t o r  and with 12 kV c o l l e c t o r  depression. This tester 

is  s t i l l  being l i f e  t e s t ed  with f u l l  opera t iona l  condi t ions and 

random turn-on-and-off cycl ing.  

Figure 29 and Figure 30 show a more compact hea t  pipe and i t s  

assembly p a r t s .  The gas r e se rvo i r  of t h i s  d i - e l ec t r i c  hea t  pipe 

i s  connected t o  the  vapor chamber by an o r i f i c e .  This d i e l e c t r i c  

hea t  pipe c o l l e c t o r  opera tes  with a thermal power load of 1,000 wat t s  

on the c o l l e c t o r ,  and can hold 15 kV c o l l e c t o r  depression even a t  

room temperature and lower. A modified design of t h i s  d i e l e c t r i c  
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Figure 28 Dielectric heat pipe with gas reservoir. 

Figure 29 Compact dielectric heat pipe with gas 
reservoir. 
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heat pipe collec\tor will operate with a thermal load of 1500 watts 
(14 watts/cm ) and a collector voltage depression of 20 kV within 
the same envelope. 

2 

The advantages of collectors using dielectric heat pipes are 

therefore: 

1. 

2. 

3 .  

The collector can operate at higher thermal power densities. 

The collector insulator is not exposed to the cooling air 

and failures due to dirt, moisture or high altitudes are 
eliminated . 

The configuration provides complete RF shielding. 

Figure 30 Assembly parts of compact dielectric 
heat pipe with gas reservoir. 
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2 .  One-way Heat Pipe 

The one-way hea t  pipe i s  a device which p e r m i t s  hea t  flow i n  one 

d i r e c t i o n  bu t  acts as a thermal i n s u l a t o r  when hea t  i s  appl ied 

from the  opposi te  d i r e c t i o n .  

Such one-way heat pipes w i l l  provide good thermal in su la t ion  f o r  

the  spacecraf t  when the r a d i a t o r  i s  exposed t o  the  sun and thus 

p ro tec t  the  spacecraf t  from being heated by the  sun. However 

when the  r a d i a t o r  i s  not  exposed t o  the  sun, the  one-way hea t  

p i p e  w i l l  provide good hea t  t r a n s f e r  from the  hea t  source of 

the  spacecraf t  ( tube) t o  the  r ad ia to r .  Thus the  one-way hea t  

p i p e  a c t s  a s  an automatic thermal switch f o r  the r ad ia to r s .  This 

p e r m i t s  t o  u t i l i z e  a l a r g e r  number of r a d i a t o r s  which may temporarily 

be exposed t o  the  sun. 

Several  such one-way hea t  pipes  have been b u i l t  and were operated 

successfu l ly  . 
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.IV. DESIGN APPROACH AM) 'W'F CONS IdERATIONS 

A, SUMMARY OF WJOR  SPECIFICATION^ 

The following requirements have been specified for the tube design 

analysis : 

Tube Application: Output stage traveling-wave tube amplifier for 
satellite television transmitter. 

Tube design objectives in order of importance: 

1. Expected tube life: 20,000 hours minimum. 

2. Maximum overall efficiency, and driver stage efficiency. 

3 .  Minimum weight, including focusing, driver stages and filters, 

if any. 

The factar relating weight and efficiency is given to be 

100 lbs/kW . 
The design of five traveling-wave tube amplifiers with the specifications 

given in Table XI is required. 

The amplitude modulated tubes (I and 11) are required to provide a linear 
dynamic range of 

20 dB minimum 

with a maximum deviation from linearity Ag 

below saturation. 
of Qmax = & .5 dB at 3 dB max 

Their maximum permissible deviation from phase linearity A@ 

specified to: 
has been max 

A@ (a) max = & 1.20 over the bandwidth. 

-5.8 
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Their signalf9 noise ratio S/N over the AM bandwidth is required to 

S/N = 42 dB minimum 
= 55 dB desirable. 

The FM tubes (111, IV and V) require their second order phase deviation 

not to exceed ’ .  

2 2 

du, 
d-@-k!& = - .OS0/(MHz) maximum 

= - . 0 1 5 ° / ( ~ ~ ) 2  desired 

2 

and a signal to noise ratio of 

S/N = 32 dB minimum 
= 45 dB desirable. 

The tubes have to withstand the fo’llowing vibration conditions: 

400 - 3000 (CPS) 

as well as a shock of 

30 g minimum with 
8 msec duration. 

The satellite’s altitude (synchronous orbit) is given to 19,300 N.M. in 
the equatorial plane. “ha gravitational environment is less than 
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and the  background pressure  

- 12 less than 10 t o r r .  

It  may be assumed f o r  the purposes of t h i s  s tudy t h a t  hea t  may be re- 

j ec t ed  ( rad ia ted)  over a s o l i d  angel  of 235 i n t o  a background a t  a very 

low absolu te  temperature. 

R e  l a t  ive o r i e n t a t  ion of s a t e  11 i te components : 

Antenna: toward e a r t h  

Solar  a r ray :  toward sun 

The mode of operat ion in  space has been spec i f ied  a s  

22.5 hours minimum per  24 hours 

24 hours maximum per  24 hours 

with a maximum required r e s t a r t i n g  period of 

once in  24 hours within l e s s  than f ive  minutes following a 

command s ignal .  

Number of restarts i n  l i f e  t i m e  

180 minimum. 

Some of these  spec i f i ca t ions  have t o  be considered preliminary and a re  

sub jec t  t o  modif icat ions a s  a r e s u l t  of more d e t a i l e d  system design ana lys i s .  

I n  the following sec t ions  the design approach and design t rade-off  

considerat ions are discussed f o r  the  design requirements given above. 

I n  these t rade-off  considerat ions the choice of the slow-wave s t r u c t u r e ,  

the high e f f i c i e n c y  design, the choice of the focusing configurat ions 
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and the  choice of the  cool ing method are discussed with r eg  

l i f e  and r e l i a b i l i t y ,  to  maximum overall e f f i c i ency  and min 
weight . 
. ,  
B. CHOICE OF THE SLOW-WAVPI STRUCTURE 

Two types o f  c i r c u i t  s t r u c t u r e s  w e r e  cons,idered f o r  traveling-wave tubes:  

&e h e l i x  type c i r c u i t  and the  coupled cav i ty  s t r u c t u r e .  The h e l i x  

c i r c u i t  has considerable  bandwidth capab i l i t y ,  and i s  comparatively 

small  i n  s i z e  and weight. However, i t s  power handling c a p a b i l i t y  is 

l imi ted  due t o  i t s  d i e l e c t r i c  support  s t r u c t u r e  and, f o r  a conventional 

h e l i x  c i r c u i t ,  due t o  a tendency f o r  backward-wave o s c i l l a t i o n s  a t  high 

operat ing vol tages .  Although advancements i n  the  power handling 6f the  

h e l i x  c i r c u i t  a r e  being made, the  power requirements of the design tubes 

a r e  s t i l l  beyond the  present  state of the  a r t  of these  tubes. Therefore 

the coupled c a v i t y ' c i r c u i t  is chosen a s  the s l o w  wave s t r u c t u r e .  This 

c i r c u i t  can s a f e l y  handle a t  least an order  of magnitude higher  power 

l e v e l s  than the  h e l i x  c i r c u i t  due t o  i t s  massive copper s t ruc tu re .  The 

required power l e v e l s  a r e  wel l  wi th in  the  c a p a b i l i t y  of t h i s  c i r c u i t .  

The s t r u c t u r e  i s  a l s o  very rugged. The diameter and weight of a coupled 

cavi ty  tube i s  comparatively l a rge ,  however, e spec ia l ly  a t  low frequencies.  

The coupled cav i ty  s t r u c t u r e  i s  a bandpass f i l t e r  type c i r c u i t ,  and un- 

l i k e  the  h e l i x  c i r c u i t ,  i t  can be designed f o r  a p rec i se ly  chosen band- 

width. Therefore i t s  bandwidth can be decreased t o  the r e l a t i v e l y  s m a l l  

frequency ranges required f o r  t he  tube designs,  

of achieving a very high i n t e r a c t i o n  impedance, s ince  the i n t e r a c t i o n  

impedance of t h i s  c i r c u i t  i s  inverse ly  proport ional  t o  the  band- 

width. A high i n t e r a c t i o n  impedance i s  des i r ab le  f o r  high e f f ic iency ,  

and it a l s o  r e s u l t s  i n  a very high ga in  per u n i t  length,  so t h a t  the 

tube can be r a t h e r  sho r t .  The coupled cav i ty  has  a tendency t o  o s c i l l a t e  

a t  i t s  cut-off frequencies unless  precautionary measures (such as tuned 

"loss buttons") are taken. Very narrow band coupled cav i ty  tubes however 

This o f f e r  the advantage 

a r e  genera l ly  more s t ab le .  The coupled cav i ty  s t r u c t u r e  a l s o  lends i t s e l f  
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t o  t h e  des ign  of a l igh t -weight  h igh  q u a l i t y  pe r iod ic  permanent focus- 

i ng  conf igura t ion ,  which c o n s t i t u t e s  an i n t e g r a l  p a r t  of the c i r c u i t .  

This c i r c u i t  is  a l s o  uniquely s u i t a b l e  f o r  advanced e f f i c i e n c y  enhance- 

ment schemes such a s  t he  m u l t i p l e  vol tage  jump t ape r .  

Nevertheless, t he  h e l i x  c i r c u i t  i s  not  ru led  ou t  s ince  a dua l  tube 

approach i s  conceivable wi th  a low power, l i g h t  weight h e l i x  tube as 

a d r i v e r  and a high power coupled cav i ty  output tube. A new concept 

is proposed f o r  t he  AM tubes ( tubes I and 11) which r equ i r e s  a dua l  

tube des ign  f o r  t h e  p i c t u r e  s i g n a l ,  comprised o f  a h e l i x  tube preampl i f ie r  

and a coupled c a v i t y  tube modulator, a s  wel l  as  a h e l i x  tube ampl i f i e r  

f o r  t he  FPI audio s i g n a l .  Thjs approach provides very high o v e r a l l  e f f i -  

ciency ( i n  the  range of 60 t o  70%) f o r  amplitude modulated s i g n a l s .  

The dual tube approach wi th  a h e l i x  d r i v e r  tube o f f e r s  t he  p o s s i b i l i t y  

of a n  o v e r a l l  weight reduct ion ,  when compared t o  a high ga in  s i n g l e  

coupled cav i ty  tube. However, ca l cu la t ions  f o r  these  tubes have shown 

t h a t  such o v e r a l l  weight reductions can only be achieved f o r  ampl i f i e r s  

with frequencies lower than 2 GHz. Therefore the d u a l  tube approach 

i s  not  used f o r  t he  FM tubes ( tubes 111, I V  and V ) ,  s i nce  i t  o f f e r s  no 

advantages f o r  these  tube des igns .  

The diameter of coupled c a v i t y  c i r c u i t s  can be s u b s t a n t i a l l y  reduced 

by d i e l e c t r i c  loading of t h e  cav i ty ,  r e s u l t i n g  i n  a major weight r e -  

duc t ion  of the c i r c u i t .  Extensive co ld  tes ts  with d i e l e c t r i c  load- 

ing  have shown t h a t  such diameter reduct ions  can be achieved without 

any s a c r i f i c e s  of  the  i n t e r a c t i o n  impedance. However, t h e  d i e l e c t r i c  

loading of t h e  coupled c a v i t y  c i r c u i t  introduces d i e l e c t r i c  l o s s e s  i n  

a d d i t i o n  t o  the  ohmic lo s ses .  A t  low frequencies (up t o  2 GHz) both 
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of these  losses are extremely small and t h e i r  e f f e c t  on the  e f f i c i ency  

i s  neg l ig ib l e .  These losses increase  with frequency. The ohmic l o s s  

increase  is  propor t iona l  t o  the  square roo t  of the frequency, but  the  

d i e l e c t r i c  l o s ses  increase  i n  proport ion with the  frequency, a s  i l l u s t r a t e d  

i n  Figure 31 f o r  alumina loading. A t  high frequencies  the  diammC&r and. 

weight reduct ion due t o  the  d i e l e c t r i c  loading is  accompanied by a degra- 

da t ion  of the e f f i c i ency  due t o  the increased losses .  Only the  law 

frequency tubes (850 MHz and 2 GHz) a r e  therefore  designed with d i e l e c t r i c  

loading. The d i e l e c t r i c  loading becomes more e f f e c t i v e  with a l a r g e r  

value of the d i e l e c t r i c  constant .  This i s  i l l u s t r a t e d  i n  Figure 32 with 

the estimated weight reduct ion a s  a funct ion of the d i e l e c t r i c  constant .  

Alumina has therefore  been chosen a s  the  d i e l e c t r i c  loading mater ia l .  

This material i s  f requent ly  used i n  vacuum tubes;  i t  has a l a rge  value 

of the d i e l e c t r i c  cons tan t  ( E  = 9)  and i t s  lo s ses  a r e  very low. 
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C. - HIGH EFFICIENCY DESIGN WITH VELOCITY RESYNCHRONIZATION 

Generally, there are three steps in the process of energy conversion 

from the dc energy of the power supply to the RF output energy o€ a 

traveling-wave tube: 

1. The acceleration of the electron beam to a specified level of 
kinetic energy. This is primarily an electron optical problem 

in designing the electron gun and the beam focusing and is 

generally well in hand. 

2. The basic energy conversion process of the traveling-wave tube. 
In this step the R F  signal to be amplified produces a traveling 

electromagnetic wave in the slow wave structure which interacts 
with the electron beam. The electron beam becomes modulated and 
a part of its kinetic energy is converted into RF energy of the 
signal wave. 

3 .  The kinetic energy of the spent beam is reduced by depressing the 

collector potential below that of the slow wave structure. The 
electrons are decelerated and the beam is collected at a lower 
kinetic energy, 
additional efficiency improvement. 

The resultant electrical energy recovery provides 

The efficiency of conventional traveling-wave tubes is found t o  be 

limited to approximately 45%, assuming a conventional single stage 
collector is used, and provided that all design parameters are opti- 

mized. In this case, the overall efficiency was found to be practically 

independent of the (basic) conversion efficiency. A higher basic effi- 

ciency wit% therefore permit a small efficiency improvement with collec- 
tor depression than a lower basic efficiency. 
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Previous studies have shown that the conversion efficiency of traveling- 
wave tubes can be substantially increased by using velocity resvnchroniza- 

- tion between the modulated beam and the circuit wave at large signal 

levels. This method will therefore be used for the tube designs. In 
previous investigations' it was found that the velocity taper method 

(of the circuit) and the voltage jump method (of the beam) can be 

combined into one tube, resulting in a higher efficiency than is pos- 

sible with either a voltage jump or a velocity taper alone.This scheme is 

illustrated in the velocity profiles of Figure 33.  This circuit uses 

a velocity taper with a velocity reduction v to 1 

v1 = .85 vo 

and a voltage jump potential V of 
j 

This combination resulted in a conversion efficiency of 53% without 

depression and 62% with collector depression. It had been intended to use 

this efficiency design approach for the tubes. However, it was found 

that this approach was not as effective for very narrow bandwidth 
circuits, such as some of the tubes considered here. The high fre- 

quency tubes at 8 GHz and 11 GHz (tubes IV and V) yield a rather high 
interaction impedance and a very high efficiency improvement with a 

voltage jump technique, but no further efficiency improvement due to 

the velocity taper method. Detailed computer evaluations showed, 
however, that efficiencies of 70% to 75% can be achieved with these 

methods for all tubes at saturation. Optimization of the design would 

have probably resulted in even higher efficiencies, but theoretical 
studies with the large signal computer program have provided a new 

and superior efficiency enhancement scheme referred to as multivoltage 

jump taper, which is used for the efficiency enhancement design for 
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velocity taper and voltage jump c ircu i t .  
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the  tubes,  This method i s  uniquely s u i t a b l e  f o r  the  coupled cav i ty  

c i r c u i t  s t r u c t u r e .  It uses  a s e r i e s  of vol tage  jump c a v i t i e s ,  such 

t h a t  a gradual vo l tage  increase  i s  appl ied  i n  the  e f f i c i ency  enhance- 

ment s ec t ion  a s  i l l u s t r a t e d  i n  Figure 34 and 3 5 .  This scheme is  there-  

f o r e  the equivalent  t o a  m u l t i  s t e p  ve loc i ty  taper .  

ever,  the  average e l e c t r o n  beam ve loc i ty  is gradual ly  reacce lera ted  t o  

maintain synchronism between c i r c u i t  wave and beam modulation. The 

i n t e r a c t i o n  impedance i s  not  reduced a s  i n  a v e l o c i t y  taper  ( fo r  

coupled cavi ty  c i r c u i t s )  and t h i s  resynchronization method i s  thereforc  

more e f f e c t i v e .  

I n  t h i s  scheme, how- 

Pout 

MULTl VOLTAGE 
JUMP TAPER DRIVER SECTION 

I 
V I  v 2  Vn 

v,= Vo+nAV 

Figure 34 Schematic of mult ivol tage jump taper  tube. 
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Figure 35 Voltage profile for,multi voltage jump 
taper tube. 

Moreover, the increase of the beam potential with this method reduces 

the degrading effects (velocity spread) of the beam space charge, and 
better beam bunching can be maintained. This manifests itself generally 

in higher values of the fundamental beam modulation current. 

The tube designs with this scheme resulted in higher efficiencies than 
was possible with the previously considered methods, assuming the same 

collector configuration. The overall efficiency is then generally approxi- 

mately 3 to 6 percentage points higher, or in the range of 75% to 80% for 
all tubes. 
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I n  comparing t h i s  new method w i t h  the  previously considered schemes, 

severa l  important advantages become apparent:  

1. A higher  conversion and o v e r a l l  e f f i c i e n c y  can be achieved. 

2 .  The beam vol tage and the re fo re  the beam power i s  considerably 

increased i n  the mult ivol tage jump sec t ion .  The design approaab 

i s  f l e x i b l e  with respec t  t o  the  choice of the vol tage increase.  

t o t a l  vo l tage  increase  by approximately a f a c t o r  of  2 was chosen, o r  

A 

This s u b s t a n t i a l  beam vol tage and power increase  has severa l  

s i g n i f i c a n t  advantages:  

a .  The beam power i n  the d r i v e r  s ec t ion  and gun can be lowered. 

A lower vol tage  o r  a lower cur ren t  (ptrveaiice) gun design 

can therefore  be used, r e s u l t i n g  i n  a more r e l i a b l e  gun 

with longer l i f e  capab i l i t y .  For g r i d  modulated tubes 

( tubes I and 11) the g r i d  power d r  ve can be lowered. 

b. The lower beam power makes the focusing requirements of  the 

d r i v e r  s ec t ion  easier, bu t  more importantly,  the focusing 

of the mult ivol tage jump e f f i c i ency  enhancement sec t ion  can 

be much b e t t e r  due t o  the  s u b s t a n t i a l  vol tage increases  with 

r e s u l t a n t  reduct ion of the space charge d e n s i t i e s .  For solenoid 

focused tubes (tubes I V  and V) t h i s  w i l l  provide s i g n i f i c a n t  

solenoid power reduct ions.  

3. S ince  the vol tage  increase  i s  appl ied gradual ly  over a number of 

coupled cavi t ies ,  the vol tage  gradien t  i n  one cav i ty  can be lower 

than wi th  a s i n g l e  vol tage jump c i r c u i t ,  where t h e  t o t a l  vol tage 
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increase is applied on one cavity only. 

therefore be considered more reliable, especially at frequencies 

in the X and 'ffi-bands, where the voltage gradients are generally 
high due to the smaller tube dimensions. 

Tubes of this design can 

The basic design considerations (insulation and choke design) for 
multivoltage jump cavities are the same as for a single voltage 
jump cavity circuit. 

4 .  The multivoltage jump circuit has considerable flexibiaity with 
the voltage adjustments and therefore it is likely that optimum 

efficiency performance can be achieved. This is not the case 
with the velocity step taper or the single voltage' jump method, where 

the section lengths are extremely critical for optimum efficiency 

enhancement, especially wnen narrow bandwidth circuits with high 

interaction impedances are used. It may therefore be rather dif- 
ficult in this case to attain the predicted efficiency with a 
practical circuit, since the section lengths are restricted to 
multiples of one cavity period. 

D. MULTISTAGE COLLECTOR DEPRESSION 

1. Conventional Depressed Collector Operation 

The efficiency of conventional traveling-wave tubes can be signi- 

ficantly improved by collector depression. The collector is elec- 
trically insulated from the circuit or body of the traveling-wave 

tube and is operated at a positive potential less than that of the 
circuit or body. Thus, the spent beam electrons are decelerated 
and the kinetic energy of the beam is reduced at the collector. 
This results in a power saving. This process is limited by the 

inherent velocity modulation of the spent beam. A part of the 

kinetic beam energy, which serves as the energy source for the 
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traveling-wave tube, i s  converted in to  RF 
region. A s  a resul t ,  the spent  

spread and i t s  average ve loc i ty  w i l l  be 

po ten t i a l  i s  depressed t o  a grea te r  de 

ve loc i ty  of the  slowest spent  beam e lec t rons ,  these e l ec t rons  have 

i n s u f f i c i e n t  energy Lo penet ra te  in to  the  c o l l e c t o r .  Therefore, 

t h e i r  flow w i l l  be reversed,  Backstreaming cur ren t  i s  then i n i t i a t e d .  

Such backstreaming is genera l ly  undesirable .  Not only w i l l  i t  de fea t  

the power ssvi-ni: purpose of c o l l e c t o r  depression, but  i t  may a l s o  

produce an excessive thermal lo@d on the  c i r c u i t .  I t  may a l s o  i n t e r -  

f e r e  with the RF performance and cause i n s t a b i l i t i e s .  The maximum 

usefu l  c o l l e c t o r  depression is then l imited by the ve loc i ty  spread 

of the  spent beam. 

There a r e  e f f e c t s  ocher than the ve loc i ty  spread of the  spent  beam 

which can a l s o  cause undesirable  backstreaming from the  c o l l e c t o r .  

It  can b e  caused by space charge blocking of the depressed beam, 

Howerrer, by rhe f a r  the  most cr b y  magnetic mirror  e f f e c t s ,  

important source a r e  secondaries produced on the  c o l l e c t o r  sur faces .  

Their number i s  r a t h e r  large,  s ince  the  secondary emission more than 

equals the number of the  e l ec t rons  of the s t r i k i n g  primary beam. 

Thus, the  s t r i c k e n  c o l l e c t o r  sur faces  resemble a ho t  cathode emitter. 

With a depressed c o l l e c t o r ,  the e l e c t r o s t a t i c  dece le ra t ion  f i e l d s  

serve a s  a n  acce le ra t ion  f i e l d  €or the secondaries which may be 

pulled out  of the  c o l l e c t o r  i n  g r e a t  numbers by these f i e l d s  and 

thus render the c o l l e c t o r  depression ine f fec t ive .  

6,778 

Conventional depressed c o l l e c t o r s  can be designed such t h a t  these 

e f f e c t s  a r e  small compared t o  the  ve loc i ty  spread e f f e c t s .  Space 

s can be kept small by 

ce i n  
the  c t o r  
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region so that the rotational 

Backstreaming of secondaries 

designed such that the beam stricken collector surfaces are removed 

from the collector acceleration (decleration) fields. 

The.design analysis of a depressed collector, were these effects 
are minimized requires therefore to determine the collector trajec- 

tories of the spent beam. 

2. Double Stage Collector Depression for Traveling-Wave Tubes with 
Velocity Resynchronization 

The velocity modulation (velocity spread) of the spent beam is 

relatively small in conventional traveling-wave tubes and a signi- 

ficant reduction of the spent beam kinetic energy can therefore 
be achieved with conventional depressed collectors. However for 

tubes which are designed for high electronic (basic) efficiency 

the velocity spread of the spent beam becomes large and hence the 

efficiency improvement with a conventional depressed collector 

is then small. 

T h i s  is especially true for traveling-wave t-ubes with velucity 
resynchronization (voltage jump or velocity taper), which achieve 

very high electronic (basic) efficiencies. The velocity modulation 

of the spent beam in such tubes becomes so large that collector 
depression with a conventional collector is no longer possible 

without backstreaming of beam current into the circuit section. 1 

In such tubes the average kinetic energy of the spent beam is 
substantially reduced, while the energy spread of the spent is 
also very large. T m electrons will there- 

e be close to ze gure 2 and 36.  
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Figure 36 Spent beam e gy distribution and collector 

depression f high efficiency tubes. 
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One simple double s t age  c o l l e c t o r  conf igura t ion  is  rhown schemati- 

c a l l y  i n  Figure 3 .  

assembly, where the  v e l o c i t y  separa t ion  is intended t o  occur i n  

This design c o n s i s t s  of  a coaxial collector 

. r a d i a l  d i r ec t ion .  

Radial  ve loc i ty  s o r t i n g  of the  spent  beam is a t t r a c t i v e  because 

the  spent  beam is already i n  a r a d i a l l y  presorted condi t ion  a t  the  

output  due to  the  i n t e r a c t i o n  mechanism of  t h e  traveling-wave tube. 

A t  l a rge  s i g n a l  l e v e l s  a r a d i a l  ve loc i ty  d i s t r i b u t i o n  is  observed 

i n  the  beam c ross  sec t ion  such t h a t  the  a x i a l  e l e c t r o n  v e l o c i t y  

becomes slower with increased rad ius  .' 
by the  c i r c u i t  waue a c t i n g  upon e l e c t r o n s  wi th  l a r g e r  radi i - .  . 

This i s  pr imari ly  caused 

The spent beam i s  a l s o  exposed t o  s t rong  r a d i a l  defocusing f%d?lds 

frame the c i r c u i t  wave a t  the  output coupler.  This causes r a d i a l  

de f l ec t ions  of the  beam t r a j ec to r i e s , "  which a r e  l a r g e r  f o r  the  

slower e l ec t rons  toward the  outer  boundary of the  beam. Since the  

The spent beam is  a l s o  exposed t o  s t rong  r a d i a l  defocusing f i e l d s  which 

frame the  c i r c u i t  wave a t  the output coupler .  T h i s  causes r a d i a l  

de f l ec t ions  of the  beam t r a j e c t o r i e s , "  which a r e  l a r g e r  f o r  the  

slower e lec t rons . toward  the  ou te r  boundary of the  beam. Since the  

magnetic focusing f i e l d  i s  genera l ly  terminated near the  output coupler ,  

the  spent beam w i l l  expand such t h a t  the r a d i a l  ve loc i ty  s o r t i n g  of the  

spent  beam is  increased. The e l ec t ron  t d j e c t o r i e s  a r e  a l s o  exposed t o  

the  r a d i a l  de f l ec t ion  forces  of the  beam space charge and of the e l e c t r o -  

s t a t i c  c o l l e c t o r  dece lera t ion  region, r s u l t i n g  i n  enhanced r a d i a l  ve l -  

o c i t y  sor t ing .  
, .. 

The slower e l e c t r o n  group is def lec ted  r a d i a l l y  outward more than 

the  f a s t e r  group, so t h a t  i t  w i l l ' b e  co l l ec t ed  a t  t h e  outer  ( f i r s t )  

c o l l e c t o r  a t  a higher  po ten t i a l .  The f a s t e r  e l ec t rons  are de f l ec t ed  

less and remain i n  the  inner  core  of the  beam. 

i n t o  the  smaller second c o l l e c t o r ,  which i s  more depressed. 

They can penet ra te  
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Double s t age  c o l l e c t o r s  for  v e l o c i t y  

the  advantage of being des ig  t h  

s t age  undepressed (or  grounded). The 

d i f f e r  from t h a t  of a s i n g l e  s t age  c o l l e c t o r  (See Figure 3 ) .  I n  

concept i t  has a l l  the advantages of a double s t age  c o l l e c t o r ,  s ince  

a s i g n i f i c a n t  p a r t  of the spent  beam i s  co l l ec t ed  a t  &:he undepressed 

c o l l e c t o r  s tage  ~ 

Eff'icicncy i m p ?  ,- ~ ~ r v r i t . :  of .ibout 35"' ( f a c t o r  ' . 2 5 1  compared t o  the 

grounded c o l l e c t o r  operat ion have been typ ica l  Eor ve loc i ty  resynchroni- 

za t ion  tubes with double s t age  c o l l e c t o r s .  

3 .  Mult is tage Col lec tor  Depression 

For traveling-wave tubes with very high e l e c t r o n i c  (bas ic )  e f f i c i ency  

and thus with a very l a rge  ve loc i ty  spread of t he  spent  beam mult i -  

s t age  c o l l e c t o r  depression becomes more e f f e c t i v e .  

The spent  beam i s  separated i n t o  a number o f  ve loc i ty  groups, and 

each of these  ve loc i ty  groups of the beam is  indiv idua l ly  dece lera ted  

by a maximum poss ib le  amount and co l l ec t ed  a t  i t s  c o l l e c t o r  s tage .  

The f a s t e r  pa r t  of t h e  beam cur ren t  i s  therefore  more dece lera ted ,  

when i t  i s  co l l ec t ed ,  than the slower p a r t  of the spent  beam. This 

makes i t  poss ib le  t o  achieve add i t iona l  e f f i c i e n c y  improvement r; with 

an increased number of c o l l e c t o r  s tages .  

I t  i s  a d i f f i c u l t  t ask ,  however, t o  accomplish an  e f f e c t i v e  separa t ion  

of the spent  be e l ec t rons  i n t o  a number of energy groups f o r  m u l t i -  

stage c o l l e c t o r  depression.  This i s  pr imar i ly  because the 

e such e r r o r s  
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- in terms of a sorting "sharpness" suth.that the sepa 

energy groups is accomplished over a finite kinetic 
rather than air a discrete energy level Vk. 
is expressed by 

If the "sorting shtkrptless" 

d% 
'k AV, 

= -  

where AVk = energy range of velocity group k, one can conclude that 

the shorting sharpness S should be small. in order for the velocity 
sarting of collector stage k to be effective. 

Since the individual energy ranges AV of the velocity groups become 
smaller with a larger number of collector stages, the sorting sharpness 
will deteriorate. Therefore, there is a practical limit to the number 
of useful collector stages and t o  the associated efficiency improvements 

due to velocity sorting deficiencies. 

k 

It is for this reason that attempts t o  develop multistage collectors 

for conventional traveling-wave tubes with more than two stages have 
not been very successful in the past. For traveling-wave tubes with 

velocity resynchronization however the velocFty spread of the spent 
beam is significantly larger than for conventional tubes (Figure 2) 

and the useful number of collector stages should be higher, assuming 
the same sorting sharpness as for conventional tubes. It should 
therefore be possible to design a three-stage collector gor such 

tubes with the same sorting techniques as the two stage collectors 

of conventional tubes. 

The state of the art for spent beam velocity sorting methods has 
not yet been advanced. If improved velocity sorting schemes can 

oped, it should be possible to design multistage collectors 
with more than three useful collector stages for advanced efficiency 

tubes, 
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on to  the  proble oc scheme , 
the  design of mul t i s tage  col le  

o the r  problems and l imi t a t ions .  These a r e  bac 

e l ec t rons ,  r e s i d u a l  space charge p o t e n t i a l  energy, and r e s idua l  

r o t a t i o n a l  energy. 

Of these,  the  problem of backstreaminn secondaries presents  by f a r  

the  most severe l i m i t a t i o n  t o  the design of mult is tage c o l l e c t o r s .  

A l a rge  number of secondaries i s  produced on the  c o l l e c t o r  sur faces  

by the impinging primary e l ec t ron  beam. The secondary emission 

c o e f f i c i e n t  i s  i n  the  order  of one f o r  most metals,  and, therefore ,  

the c o l l e c t o r  sur faces  resemble the hot  emi t t e r  sur faces  of a cathode. 

These secondaries can e a s i l y  be acce lera ted  and then b e  co l l ec t ed  a t  

higher  p o t e n t i a l s ,  thus degrading the  e f f i c i ency  improvement of a 

depressed c o l l e c t o r .  Secondary emission can be somewhat reduced 

by the use of c o l l e c t o r  sur face  mater ia l s  with a smaller secondary 

emission c o e f f i c i e n t ,  Carbon and t i tanium have been used i n  -the 

pas t  with moderate success.  Carbon is a poor thermal and e l e c t r i c a l  

conductor and thus i t  is very r e s t r i c t e d  i n  i t s  power handling capa- 

b i l i t y ,  t h i s  ma te r i a l  a l s o  has adherence problems when a t tached  t o  

a meta ls t ruc ture .  Titanium (6 = .9) achieves only a small reduct ion 

of the  secondary emission compared t o  conventional c o l l e c t o r  metals. 

There a re ,  however, more e f f e c t i v e  e l ec t ron  o p t i c a l  methods t o  reduce 

o r  e l imina te  backstreaming of secondaries.  

E lec t ron  beams of high poder tubes usua l ly  have a f a i r l y  h 

charge densi ty ,  e spec ia l ly  f o r  tubes with ve loc i ty  resynch 

e ve loc i ty  of i s  considerably 
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. high degree of beam bunching in such tubes. 
space charge has potential energy, which has been derived from the 
kinetic energy of the beam. An electron beam with high apace char 
density will thus be slower and hence can not be decelerated as much. 

Moreover, such beams are known to suffer flow instabilitiea even 
before the decleration limits are reached7 ("Space Charge Blocking") a 

It is, therefore, common practice to let the beam expand in the col- 
lector region. It is then generally possible to keep the space 
charge potential depression small. 

An accumwlr 

Res idual Rota t iona 1 Energy 

The presence of magnetic fields force the electron trajectories 
into a spiralling motion, and, therefore, some of the kinetic energy 

of the beam is rotational, at the expense of translational energy. 

The beam is slower and can not be depressed as much ('*Magnetic Mirror 

Effects"). Good magnetic shielding of the depressed collector region 

is therefore generally desirable. In the transition region where 
the magnetic focusing fields are terminated, the rotational beam 

energy is. reconverted into translational kinetic energy. 
"Brillouin flow" focusingi(cathode magnetically shielded), the rota- 

tional energy is converted into a corresponding increase of the 

For ideal 

axial beam velocity. With "confined flow" focusing (a portion of 
the magnetic focusing flux penetrates the cathode surface), the 

rotational energy is converted into translational energy with a 
radial and azimuthal velocity component. This manifests itself 

as a radial deflection of the beam contour. 

Velocity Sorting of the Spent Beam 

In a multistage collector with N stages, the spent beam must be 
separated physically intO-jN velocity groups such that each velocity 

group contains all beam electrons,within a specified energy range. 
For each velocity group which has been removed from the beam, a 

velocity sorting process;-has taken place, and, therefore, there 
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are N ve loc i ty  s o r t i n g  process 

I t  can be shown t h a t  t he re  i s  

which separate two adjacent  v e l o c i t y  groups. This optimum p a r t i t i o n  

of v e l o c i t y  groups depends on the  s p e c i f i c  v e l o c i t y  d i s t r i b u t i o n  of 

the  spent  beam and t h e  number of  required c o l l e c t o r  s t ages ,  

Velocity s o r t i n g  of modulated e l e c t r o n  beams i s  genera l ly  accomplished 

with a r a d i a l  o r  t ransverse  d e f l e c t i o n  scheme. For slower e l ec t rons  

the d e f l e c t i o n  i s  s t ronger  and therefore  the  r a d i a l  o r  t ransverse  

displacement f o r  these e l ec t rons  i s  l a rge r ,  r e su l t i ng  i n  a r a d i a l  

or t ransverse  sepa ra t ion  of t he  ve loc i ty  groups. The e f f ec t iveness  

of such v e l o c i t y  s o r t i n g  schems i s  cont ingent  on the absence of r a d i a l  

ve loc i ty  components of the  spent  beam t r a j e c t o r i e s  a t  the  entrance i n t o  

the d e f l e c t i o n  device,  However, the assumption of a p a r a l l e l  flow 

spent  beam i s  idea l ized .  Generally the  spent  beam t r a j e c t o r i e s  

devia te  from a p a r a l l e l  flow, r e s u l t i n g  i n  s o r t i n g  e r r o r s ,  such 

t h a t  a f r a c t i o n  of h igher  energy e l ec t rons  i s  sor ted  i n t o  the "wrong" 

ve loc i ty  group (with lower k i n e t i c  energy) and these  e l ec t rons  a r e  

not  as much dec le ra t ed  as they could be. 

Radial  ve loc i ty  components i n  spent  beam t r a j e c t o r i e s  a r e  induced by 

RF defocusing f i e l d s ,  by focusing de f i c i enc ie s ,  and by non-laminar 

flow condi t ions .  Non-laminar flow i s  genera l ly  caused by imperfect 

beam launching condi t ions from the  gun i n t o  the  focusing f i e l d .  

Good mul t i s tage  c o l l e c t o r  performance r equ i r e s  therefore  high qua l i t y  

focusing and good beam launching condi t ions of  the  gun. 

The design of mul t i s tage  c o l l e c t o r s  has t o  incorporate  several func- 

t i ons :  Veloci ty  so r t ing ,  c o l l e c t o r  dece le ra t ion  and suppression of 

backstreaming seconda ' There is  a v a r i e t y  of schemes conceivable 

of these  funct ions.  Frequently hese schemes combine severa l  
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For velocity sorting the following schemes are feasible: 

radial eleetrostatic sorting 

transverse electrostatic sorting 

transverse magnetic sorting 

combination of transverse electric and magnetic sorting. 

Collector deceleration is generally achieved with a combined axial 

and radial electrostatic deceleration field, however, transverse 

electrostatic deceleration is possible also. 

The simplest method for the electron optical suppression of back- 

streaming secondaries uses electrostatic shkelding of the collector 
interception region. The application of this method for multistage 

collectors is rather restricted and more advanced methods, such as 

electric or magnetic field suppression have to be used. These 
methods take advantage of the very low kinetic energy (- 20 eV) 

of most of the secondaries. Electric field suppression provides 
an electrostatic potential barrier, while magnetic field suppression 

uses a transverse magnetic deflection field in the path of the 

secondary trajectories. 

Effective multistage collectors with more than two stages have 
not yet been developed for high efficienty tubes. 
approaches are available, but Qf particular interest is the design 

concept for double stage collectors (Figure 3 ) .  

Several design 

These collectors use radial velocity sorting and secondary suppression 
by shielding. Radial velocity sorting appeared particulary attractive 

for these collectors since the spent beam is already in a radially 

presorted condition as a result of the RF interaction (D2). 
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by electric f i e l d  suppre  

collector,  Figure 3, however the  secon 

the  second s t age  w i l l  be less e f  

Figure 37 Schematic of a t r i p l e  s t age  c o l l e c t o r  w i t h  
r a d i a l  ve loc i ty  so r t ing .  

The secondary suppression of t he  t h i r d  s t age  i s  expected to  be pro- 

vided by sh ie ld ing  (as i n  the second s tage  of t he  double s t age  sol- 

l e c t o r  Figure 3 ) .  It appears however, t h a t  adequate sh ie ld ing  can- 

not be achieved, beca the  t h i r d  c o l l e c t o r  s t hole  has t o  be 

r a t h e r  l a rge  due t o  the  very rap id  beam spread. 

with r a d i a l  ve loc i ty  so r t ing .  
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Figure 38 Schematic of four stage collector with radial velocity 
sorting and electric field suppression of secondaries. 

The RF defocusing fields at the output coupler provide the initial 
radial deflection,while the collector deceleration field completes 

the radial velocity sorting. 

It is desirable to provide a fairly uniform deceleration field in 

the collector region in order to minimize lens effects which may 

cause sorting errors. This can be accomplished by placing the 

collector electrodes, which have prescribed potentials, at their 

respective equipotentials in the uniform field. 
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The 

t o  

beam takes therefore  place only 

t rodes.  The e l e c t r o s t a t i c  p o t e n t i a l  

c o l l e c t o r  sur face  becomes increas ing1  

t o  t h e  c o l l e c t o r  po ten t i a l .  

The average k i n e t i c  energy Vs of the  secondaries i s  very small, 

i n  the  order  of 

The secondaries w i l l  therefore  be r e f l e c t e d  back to the  c o l l e c t o r  

sur face  a t  a equ ipo ten t i a l  sur face  i n  the  v i c i n i t y  of 20 V below 

the c o l l e c t o r  p o t e n t i a l ,  

c lo se  t o  the  c o l l e c t o r  sur face ,  so t h a t  the  secondaries a r e  prac- 

t i c a l l y  prevented from ever  leaving the c o l l e c t o r  surfaces .  Only 

secondaries from the  aper ture  edges o r  from t h e i r  c l o s e  v i c i n i t y  

may be a b l e  t o  escape and t o  produce backstreaming. 

This r e f l e c t i o n  sur face  w i l l  be very 

Although the r a d i a l  ve loc i ty  s o r t i n g  scheme is convenkent i n  view 

of tbe  r a d i a l  p resor t ing  mechanism produced by the  beam in t e rac t ion ,  

i t  is  obvious t h a t  i t  i s  inherent ly  d e f i c i e n t .  This i s  because the  

r a d i a l  s o t t i n g  f i e l d s  diminish toward the  beam a x i s .  The cen te r  

por t ion  of the  beam i s  therefore  not  exposed t o  the  r a d i a l  s o r t i n g  

f i e l d s  and cannot be properly sor ted  with the  c o l l e c t o r  configurat ion 

of Figure 38. 

r i c  o r  magnetic f i e l d s  on the  o ther  hand 

a r e  capable of e f f e c t i v e  t ransverse  ve loc i ty  s o r t i n g ,  provided the  

e r s  the  d e f l e c t i o n  region i n  

P r  
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angles  which a r e  inverse ly  propor t iona l  to  

With electric d e f l e c t i o n  a s o r t i n g  error i s  

t ransverse  energy g rad ien t  which is produced by the  

electric f i e l d .  

Transverse magnetic d e f l e c t i o n  w i l l  t he re fo re  be used f o r  t he  sor t - .  

ing  design of a l l  tubes.  The spent  beam, however, i s  exposed to  

the  r a d i a l  RF defocusing f i e l d  a t  t he  output  coupler and the  r e s u l t -  

a n t  r a d i a l  beam de f l ec t ions  can generate  se r ious  s o r t i n g  e r r o r s  f o r  

a t ransverse  s o r t i n g  scheme, e spec ia l ly  i n  high impedance c i r c u i t s ,  

where the  RF f i e l d s  are very s t rong.  Such r a d i a l l y  de f l ec t ed  tra- 

j e c t o r i e s  can be r e s to red  t o  p a r a l l e l  flow by magnetic refocusing,  

a t  l e a s t  f o r  laminar beam flow condi t ions.  This i s  accomplished 

by adding a d r i f t  space beyond the  Output coupler,  over which the  

f u l l  magnetic focusing f i e l d  is  maintained. I n  the  d r i f t l  space 

the  e l ec t ron  t r a j e c t o r i e s  w i l l  s ca l lop  a s  a r e s u l t  of the  r a d i a l  

RF per turba t ion  a t  the  output coupler.  

chosen t o  be approximately one qua r t e r  (or  a mul t ip le  of one qua r t e r )  

of the  sca l lop ing  wavelength h 

Figure 39. 

I f  t he  d r i f t  length i s  

of t h e  beam, as i l l u s t r a t e d '  i n  
S 

OUTPUT POLE PIECE 

R F DEFOCUSING 

OUTPUT COUPLE 

Figure 39 Magnetic refocusing of spent  beam. 
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The beam t r a j e c t o r i e s  w i l l  

( rad ius  1: ) and the  beam i 

the  focusing f i e l d  i s  termin 

pole piece, t he  spent beam w i l l  leave the  magnetic refocusing region 

i n  p a r a l l e l  flow, even i f  e r a d i a l  RF per turba t ion  has been l a rge .  

I n  t h i s  case t h e  maximum beam radius  r w i l l  be much l a r g e r  than the  

beam radius  rn i n  the  i n t e r a c t i a n  region. The sca l lop ing  wavelength 

h 

an e l ec t ron  i n  a magnetic f i e l d ,  bu t  i t  i s  considerably modified 

by the  space charge e f f e c t s  of t he  beam. 

m 

m 

of the  perturbed beam i s  r e l a t e d  t o  the cyclotron wavelength of 
S 

11 

The same magnetic refocusing procedure i s  appl icable  with per iodic  

magnetic focusing a s  well ,  because a PPM focused beam w i l l  a l s o  

e x h i b i t  a sca l lop ing  of the beam t r a j e c t o r i e s  when exposed t o  a 

r a d i a l  per turba t ion .  I n  p rac t i ce  one add i t iona l  magnet period 

with a modified length w i l l  be s u f f i c i e n t  f o r  the beam t r a j e c t o r i e s  

t o  reach a maximum radius  with p a r a l l e l  flow a t  the  terminating 

pole  piece.  

The ve loc i ty  s o r t i n g  scheme t o  be used f o r  the  tubes c o n s i s t s  of 

, followed by the  e l e c t r o s t a t i c  

c o l l e c t o r  dece lera t ion  region, where the  v e l o c i t y  so r t ing  i s  

completed. The dece le ra t ion  region i s  magnetically shielded t o  

avoid magnetic mirror  e f f e c t s .  The magnitude of the  i n i t i a l  

magnetic d e f l e c t i o n  angle  should be small i n  order  t o  keep the  

t ransverse  k i n e t i c  energy component small, s ince  t h i s  component 

w i l l  not be ex t rac ted  i n  the  a x i a l  dece lera tor .  

however, a dece lera t ion  with l a  dimensions w i l l  be required,  and the 

s o r t i n g  e r r o r s  due t o  non-paral le l  beam entrance condi t ions w i l l  be 

With small de f l ec t ions ,  

r e l a t i v e l y  l a rge .  

be made i f  the  beam e n t r  e condi t ions a r e  known. 

An optimum choice of the  de f l ec t ion  angle can only 

For the  d e f l e  of c o l l e c t o r  des s a d e f l e c t i o n  s t r eng th  

corresponding t o  t h a t  of the  r a d i a l  defocusing f i e l d s  w a s  chosen. 
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The d e f l e c t o r  c o n s i s t s  o f  a cons tan t  magnetic f i e l d  BT, which i s  

produced by a p a i r  of e x t e r n a l  magnets as i l l u s t r a t e d  i n  Figure 40. 
The d e f l e c t i o n  length  R m  i s  determined by the  magnetic d e f l e c t i o n  

f i e l d  B and the requi red  d e f l e c t i o n  s t r eng th .  T 

\ ELECTRON BEAM r lrn 1 
POLE OEFLECTEO SPENT 
PIECE 

MAGNETIC DEFLECTION 
FIE LO 

Figure 40 Magnetic d e f l e c t i o n  of the spent beam. 

The dece le ra to r  following the  d e f l e c t o r  uses  a uniform dece le ra t ion  

f i e l d  t o  minimize s o r t i n g  e r r o r s  due t o  l ens  e f f e c t s  and electric 

f i e l d  suppression as described f o r  the c o l l e c t o r  conf igura t ion  with 

r a d i a l  v e l o c i t y  s o r t i n g  (Figure 38), r equ i r ing  one a d d i t i o n a l  dece lera-  

t i o n  e l ec t rode  of cathode p o t e n t i a l  Vc. The c o l l e c t o r  conf igura t ion  

is  shown schematically i n  Figure 41 f o r  a four s t age  c o l l e c t o r .  The 

c o l l e c t o r  ape r tu re s  are designed l a rge  enough t o  l e t  the  de f l ec t ed  

beam pass  through, so t h a t  the beam c o l l e c t i o n  can take p lace  only 

a t  one s i d e  of the  c o l l e c t o r  e l ec t rodes ,  This a s su res  electric 

secondary suppression except f o r  t h e  ape r tu re  edges. 

The c o l l e c t o r  e l ec t rodes  wi th  t h e i r  prescribed p o t e n t i a l  are posit ioned 

i n  the dece le ra t ion  f i e l d  a t  t h e i r  respective equ ipo ten t i a l s  t o  achieve 

uniformity of t he  dece le ra t ion  f i e l d .  
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Figure 41 Schematic of four  s tage  c o l l e c t o r  with t ransve lse  
v e l o c i t y  s o r t i n g  of spent beam and e l e c t r i c  suppression 
of secondaries .  

The choice of t h e  respective co l lec t  p o t e n t i a l s  f o r  optimum 

e f f i c i ency  improvement depends on the  k i n e t i c  energy d i s t r i b u t i o n  

of t he  spent  beam f o r  each o f  the tubes.  This energy d i s t r i b u t i o n  

i s  obtained by ana lys i s  and an optimum 

11 n number of c o l l e c t o r  

s t ages )  i s  derived, f o r  w y impr  a r e  



obtained, assuming no sorting errors and no secondary backstreaming 

The energy seperation levels and the respective deceleration magni- 

tudes are indicated schematically in Figure 42. 
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Figure 42 Optimum velocity sorting of spent beam. 

It is possible to take imperfect velocity sorting into account, 
as well as partial secondary backstreaming. It was found that 
the useful number of collector stages is reduced, when such 

deficiencies are taken into account. 
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E. GUN AND FOCUSING 

Gun 1. _. 

The life expectancy of a traveling-wave tube is primarily determined 

by the cathode and to some extent by the gun design. 
will be produced by a conventional Pierce type convergent gun. 

types of gun designs have been used for a long time for traveling-wave 
tubes. Their design techniques have continuously been improved and 

very high quality beams can now be produced with these guns over a large 

range of perveances, voltages and beam compression ratios. A high 
quality beam with a low percentage of translaminar electron trajec- 
tories is important to achieve good beam transmission. Good beam 

The electron beam 

These 

transmission is essential for the effectiveness of the depressed col- 

lector,especially with many stages. Good beam transmission is also 

important for long tube life. 

The beam compression ratio also has an important effect on the tube life, 

since it determines the cathode loading (current density on the cathode). 

The cathode loading must be small for a long cathode life. The beam 

area compression ratio has therefwe been chosen high enough to keep 

the cathode loading ic to less than 

2 
i C < 500 mA/cm . 

With this limit for cathode loading, long cathode life can be achieved even 
with oxide coated cathodes. This  is of concern for the 8 GHz and 11 GHz 
tubes (tubes IV and V), while the low frequency tubes required a much 
lower cathode loading even with small area compression ratios. 
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2. Focus in& 

Traveling-wave tubes employ ei , periodic permanent 
magnets, or solenoid magnetic focusing, while periodic electrostsatic 

focusing has never been successful for these tubes, especially not for 

tubes with long life requirements or high power levels. This is primarily 

because electrostatic focusing generally does not achieve the high quality 

of beam focusing that ismw possible with magnetic focusing, The electro- 

static beam focusing is less stiff and tends to easily become unstable 
11,13 when perturbed. 

Permanent mametic focusing is used in a number of low and medium power 

traveling-wave tubes. 

magnetic focusing, this method requires much larger and heavier focusing 

structures, especially for low frequency tubes. This method is also more 

restricted with respect to the maximum field strength.which can be pro- 
14 

duced. The maximum available focusing field is approximately 900 gauss 
‘with presently available materials. This limitation exdudes this technique 

However, in comparing it to permanent periodic 

to be used for most high power high frequency tubes. 

Periodic magnetic focusing is generally used for high reliability space 

tubes with very long life. This type of focusing is readily adaptable 

for high power coupled cavity tubes, where it is also frequently used. 
Since PPM focusing is much smaller and tequires much less weight than a 
solenoid, which also needs additional power, PPM focusing is 

preferable to solenoid focusing from the efficiency point of view. 

conclusion has to be qualified however. 

the PPM configuration with the coupled cavity circuit. 

usually 

This 
Figure 43 shows schematically 
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Figure 43 Schematic of PPM focusing structure 
for coupled cavity circuit. 

The pole piece is thus integrated into the coupled cavity and the focusing 

period (L) is tied to the cavity period. For large bandwidth coupled 

cavity tubes the coupling slot width has to be large and may cause a 

perturbation of the magnetic symmetry of the magnetic circuit, which 

results in undesirable transverse perturbation fields on the beam. In 

this case the double period focusing system is generally used, shown in 
Figure 44. 

This double period system has been found to eliminate such transverse 

perturbation effects, while its focusing performance and stability are 

identical to the single period system (Figure 4 3 .  

These focusing structures provide excellent beam focusing; however, 

the beam contour exhibits inherently a ripple with this focusing 
method, which has half the focusing magnet Period- 
calcl be rather small, when the electron optical launching conditions of 

the gun into the focusing field are optimized. These launching 
conditions can readily be optimized, provided the gun, and especially 

the cathode, is magnetically shielded. 

This beam ripple 
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Figure 44 
PPM focusing structure 
with double period for 
coupled cavity circuit. 
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The PPM focusing method, due to its periodic field configuration, 

I has stability limitations. The beam focusing will break down when 

the stability limits are reached. The 
&E! parameter, where L expressed by the 

hp = Plasma wavelength of electron 

stability limits can be ~ 

beam 

and 

L = magnetic focusing period. 

It can be shown that the focusing stability for a beam in "paraxial" 

approximation (Mathicu-type equation) is limited by 

2 1.3 (paraxial theory). [~ min 
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In practice, however, it is found that larger 
to achieve stabld PF'M focusing. Good focusing 

for 

For 

ing 

9 2  
L 
is 

values are required 

generally obtained 

2 2 (empirical). '1 min 

very high efficiency tubes, however, the high degree of beam bunch- 

and large velocity reduction of the beam with RF has to be taken 
into account. This will substantially reduce the &E! value with RF, 
and stable focusing with RF is only assured when an adequate design 

&.€! is provided. L margin for 

This requirement imposes a restriction on the design of the coupled 

cavity circuit with PPM focusing. In order to keep large enough, 

it may be necessary to increase hp by increasing the beam voltage and 

reducing the beam current (thereby reducing beam perveance). Such a 

design change will increase the tube length and it may not be consistent 

with an optimum efficiency design. In this case solenoid focusing has 
to be considered too, since it does not restrict the coupled cavity 
circuit design. Due to the absence of pole pieces in the structure, 
the thickness of the cavity walls ("webs") can be smaller, resulting 

in a higher interaction impedance. 

L 

Solenoid focusing for high efficiency tubes is generally designed for 

"confined flow." In this case a large portion of the magnetic beam 
flux is allowed to penetrate the cathode surface. This will require 
a higher magnetic field, but the resultant beam focusing is then very 

stiff,13 and superior beam focusing can be achieved. 

relative magnetic cathode flux K of 

For an assumed 

C 

Kc = .85 
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the magnetic field B has to be 

B = 2Bo 

with 

Bo = "Brillouin" field. 

This focusing condition has been assumed for the solenoid focusing 
design. 

Recent strides in very light weight high performance solenoid design'for 
airborne high power tubes (at the 2 kW_CW power level at S-band) have 

been made at the Hughes Electron Dynamics Division. 

by developing methods of winding the solenoid directly on the tube body 

("wrapped-on solenoids"). The inr,er core of the solenoid is then reduced 

to a minimum and a considerable reduction of the solenoid weight, size 

and power consumption is achieved. These new solenoids are not much 

larger than an equivalent PPM system: 

gain a focusing power of only 300 watts was required. 

This was accomplished 

for a beam power of 10 kW and 12 dB 

These solenoids can be designed for either minimm weight or minimum 

power consumption. In.the first case, aluminum is the preferable fokl 
material; in the latter case copper is preferable. It is possible to arrive 
at an optimum solenoid design by using the equivalent power- weight conversion 
of 

100 lbs/kW . 

The equivalent weight of the power supply and the solenoid weight can be 
calculated as a function of the solenoid outer diameter. 

will then exhibit a 
indicated in Figure 45. 

The total weight 
minimum at an optimum solenoid outer diameter as 
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Figure 45 Equivalent total weight of solenoid. 

Comparison of PPM Focusing and Solenoid Focusing 

All tube designs were evaluated both for PPM focusing and solenoid focus- 

ing, taking stability criteria into account. The total equivalent weight 

for both focusing versions was evaluated, consisting of :  

weight of the circuit 
weight of the focusing structure (solenoid or PPM focusing structure) 
equivalent weight of the solenoid power supply 

equivalent weight of the tube power supply 

using the power-weight conversion factor of 

1 watt = .1 lbs. 

The weight of the gun and collector are not included since these can be 

considered equal for solenoid and PPM focusing. 
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It was found that the 850 MHz and 2 GHz tubes (tubes I, 11, and 111) 
resulted in a lower total weight with PPN focusing, while the 8 GHz 
and 11 GHz tubes with PPM focusing suffered significant efficiency 

reductions and required therefore a higher equivalent total weight 

than the solenoid focused versions. It should also be mentioned that 
PPM focusing for these frequencies (8 GHz and 11 GHz) and the power 
levels (5 kW CW) is not yet within the present state of the art, and 
these PPM designs could not yet be.considered reliable for long life 

operation. Solenoid focusing, on the other hand, is generally superior 
to PPM focusing and well within the present state of the art for these 
higher frequency tubes. 

The 850 MHz, 2 GHz AM and 2 GHz F'M tubes are therefore designed with 
PPM focusing with axial ringmagnets, while the 8 GHz and 11 GHz tubes 

are designed with a wrapped-on copper solenoid. 
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F .  HIGH EFFICIENCY AM SIGNAL AMPLIFIER WITH TRAVELING-WAVE TUBE MODULATOR 

The amplifiers for AM signals (850 MHz and 2 GHz) are designed with the 

traveling-wave tube modulator concept, which permits linear AM signal 

amplification with very high efficiency. This is in contrast with con- 

ventional amplifiers for AM signals. These amplifiers must be operated 

well below saturation in order to avoid distortions and to achieve the 

required phase and amplitude linearity. The amplifier will then be very 
inefficient, especially at low modulation amplitudes. Conventional 

(single stage) collector depression will improve the efficiency, but 

this improvement is impaired by the inherent velocity spread of the 
spent beam, which is significant even at low signal levels. Therefore, 
it is not possible to achieve good depressed collector efficiency with 

a conventional traveling-wave tube amplifier operating below saturation, 

as is required for the amplification of AM signals. 

,The advantage of the new concept is: 

1. rraveling-wave tube amplification of AM signals with 
very high efficiency is achieved 

2 .  the efficiency remains high over the specified dynamic 
range of the AM signal. 

This is accomplished by varying the beam current of the traveling-wave 

tube modulator in proportion to the signal level, so that the tube 

operation remains near saturation over the dynamic range of the AM 
signa 1. 

However, since the new scheme is useful only for AM signals with 
greatly varying amplitudes, the FM modulated signal for audio, which 
has a constant magnitude, must be removed from the AM signal with 
filters and be amplified separately as indicated in Figure 4 6 .  The 
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Figure 46 Separation of FM audio signal from AM signal. 

required power levels for the FM audio signal are considerably lower 
than the required peak AM power levels (750 watt for 850 GHz, 500 watt 

L for 2 GHz), it is therefore possible to design the amplifiers for the 

FM audio signal with a highly efficient, light weight helix tube.- 

Both the EM audio signal and the AM signal can be recombined with a 
power coupler into a common antenna feed. 

In the AM amplifier chain it is required to remove. the amplitude modula- 
tion from the carrier, to amplify the demodulated carrier signal with a 

preamplifier, and to add the amplitude modulation back on to the ampli- 

fied carrier signal with the traveling-wave tube modulator. Both the 
preamplifier and the TWT modulator can be designed for high efficiency, 
so that highly efficient amplification of the AM signal is obtained, In 

addition, circuitry can be added to achieve a high degree of amplitude 

and phase linearity of the output signal. 
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The following processes are provided for this purpose: 

paration of amplitude modulation and carrier signal 

2)Amplification of carrier signal 

3)Recombination of amplitude modulation and carrier signal 

4)Amplitude and phase linearization. 

1. Separation of Amplitude Modulation and Carrier Signal 

This can be accomplished with a power splitter, a limiter for the carrier 

signal, and a detector for the modulation signal as indicated in Figure 47. 
The limiter is designed to provide a constant level of the carrier frequency 

(fo) signal, which drives the carrier signal preamplifier. The maximum 

available carrier frequency level is then determined by the lower amplitude 
modulation limit S2 (Figure 47). 
be possible to generate the driver signal for the carrier signal preamplifier 

by anindependent oscillator, which generally can be a solid state device with 

low power consumption. In this case the power splitter and limiter (Figure 47) 

For double sideband AM signals it would 

could be eliminated and the available input power for the modulation signal 

chain would be twice as large. 

For vestigialAM signals, however, this is not permissible. Such signals 

carry also a phase modulation signa1,in addition to their AM signa1,which 
must be preserved through the AM amplifier chain. 

The modulation signal drives the grid 6f the TWT modulator. It will gener- 

ally be necessary to provide a modulation amplifier and a dc grid bias vol- 

achieve the desired grid voltage for the TWT modulator. 

A schematic of this scheme is shown in Figure 48. 
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Figure 41 Frequency separation for amplitude modulated signal. 
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Figure 48 AM amplifier chain with traveling-wave tube 
modulator. 
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2.  

The preamplifier i s  designed to boost the demodulat 

signal S2 to a specified level such that 

I 

(dB) = P2 (dB) + Go (dB). p2 

where 
P2 (dB) = power level of demodulated signal S2 

G (dB) = specified gain for AM signal. 
0 

1 

The input and output power levels P2 and P2 of the preamplifier do not 

vary. Therefore the preamplifier can be designed to operate at satura- 

tion and with high efficiency. The required output power levels for 

these preamplifiers are low enough (75watts for the 850 MHz amplifier 
and 50watts forthe 2 GHz amplifier) t o  use highly efficient PPM focused 

light weight helix tubes for these preamplifiers. 

3 .  Recombination of Carrier Signal and Amplitude Modulation 

The amplitude modulation is added back on to the carrier signal with the 

traveling-wave tube modulator. The TWT modulator provides a variable 
gain ami for the carrier signal with a level P which is proportional 

to the instantaneous relative modulation level A P.  of the AM signal to 
be amplified (Figure 491, or 

2 

1 

(dB) = A Pi (dB). A Gmi 

The instantaneous gain of the TWT modulator varies therefore from 

A Gm (min) = 0 

2 )  for the lowest 1 

= A?? = 20 dB A Gm (max) 

of the AM signal (Figure 49), to 
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Figure 49 Instantaneous level of amplitude modulation.- 

where A P (dB) = maximum value of the AM modulation (20 dB) correspond- 

ing to the dynamic range of the AM signal. The overall gain of the 

system is therefore constant with a value of 40 dB, 

is linear, even though its components are not. This is shown schematicslly 
in Figure 50. 

and the system 

The variable gain A Gmi of the TWT modulator is achieved by varying the 
beam current Iiaccordingly,while the beam voltage of the TWT modulator 

is kept constant as in conventional traveling-wave tubes. 
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Figure 50 Power characteristics with traveling-wave tube 
modulator. 

The beam current can conveniently be varied by a modulation grid near 

the cathode of the gun. 
is generated by the modulation signal (Figure48.9, will produce the 

desired beam current variation Ii. 
power will thus be small, and it will increase with the modulation 

level. Therefore the TWT modulator will operate at or near saturation 

over the entire dynamic range 

can be expected to be high for all power levels of the AM signal 
(Figure 50). 

A variable grid modulation voltage V which 
go' 

At low modulation levels the beam 

of the AM signal, and its efficiency 

3-05 



The pertinent design considerations for the modulation grid of the TWT 

i modulator may be illustrated for several modulation levels (Figure 491, 

The grid may either be a conventional modulation grid, or a shadow grid, 
which has a substantially higher power handling capability. 
because the grid interception current I 
small : 

This is 
of a shadow grid is extremely 

g 

I (shadow grid) x .0005 Io 
g 

as compared to a conventional grid: 

I (conventional grid) x .10 to .15 Io with Io beam (cathode) current. 
g 

For the case of the lower modulation limit P2 (Figure 4 9 )  the cor- 
responding TWT gain has to be zero. However, this requires a small 

beam current I in the TWT modulator in view of the gain characteristics 
of a TWT at small beam currents. This (zero gain) beam current I is 

supplied with a positive dc grid bias voltage V as indicated in 

Figure 48. 

0 

0 

go 

For the upper modulation level limit Pl (Figure 49) the gain of the 

traveling-wave tube modulator AGm is required to be 

A G  = a P = 2 0 d B .  m 

The traveling-wave tube modulator is to be designed to achieve this gain 
at saturation so that its efficiency will be high. This will require a 
beam current I, which can be produced with a grid voltage V or, tak- 

ing the bias voltage V into account, a grid modulation voltage AV of 
gl’ 

go 81 
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The gain of the modulation signal chain (Figure 48) must therefore be 

adjusted to produce a grid modulation voltage of (Figure 5 0 ) .  
, 

nv = 0 for Pi = P2 

for Pi = P1. 

gi 

gl 
nv = nv 
gi 

For intermediate power levels P the required traveling-wave tube 
modulator gain G is 

i 
mi 

G = A P.  (dB) mi 1 

gi corresponding to a beam current Ii and a grid modulation voltage V 
(Figure 51). 

I- z 
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Figure 51 Grid characteristics for traveling-wave tube 
modulator. 
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4 .  Linearization 

The amplitude linearity of the des 
on how closely the required gain c 
tube modulator 

ed AM signal amplification depends 
cteristics of the traveling-wave 

bGmi = mi (dB) 

are achieved over the dynamic range of AP 5 20 dB. This is primarily 

a function of the characteristics of the mdulation signal chain. It 
is possible to determine the resultant linearity deviations when the 
characteristics of the modulation chain are known. 

The gain characteris tics of the traveling-wave tube modulator have been 

computed with the large signal computer program both for the 850 MHz and 
the 2 GHz amplifiers as a function of the beam current, taking the beam 

diameter variations with beam current into account. 

These deviations from amplitude linearity are found not to be large, 
and it appears possible to apply corrective circuitry in the modulation 

signal chain to linearize the power characteristics of the TWT modu- 

lator. Such a compensation is possible in a number of ways. Two 

possible methods of gain equalization can be considered: a programmed 

linearization scheme, and an automatic gain control method. 

The linearizer method is shown schematically in Figure 5 $ .  

is inserted to process the modulation signal in such a way that linear 

gain is achieved with the traveling-wave tube modulator. The linearizer 
provides, therefore, a modulator transfer characteristics which is a 
function of the modulation signal level. It may be convenient to combine 
the modulation signal amplifier and linearizer into one device as in- 
dicated in Figure 53, 

A "linearizer" 
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Figure 53 Combined modulation signal amplifier and 
linearizer. 
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The automatic gain control system is shown schematically in Figure %. 

This system compares the AM signal levels of input and output of the 
system in a gain comparator, which may be a bridge-type circuit. 

The detected gain deviation signal of the gain comparator drives the 
gain regulator, which provides a variable gain to the modulation signal. 

The regulator gain is a function of the detected gain deviation. 

. 
LIMITER WEAMPLIFIER TWT MOOULATOR 

GAIN 
COMPARATOR 

Figure 54 Automatic gain control for traveling-wave tube 
modulator. 
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The traveling-wave tube modulator can not be expected to precisely repro- 

duce the phase relations of the original carrier signal in the amplifica- 

tion process. This would be of no consequence for pure (double sicjeband) 
amplitude modulation. For vestigial sideband AM signals,hmever, the 
signal is phase modulated as well, and this phase modulation must be 

preserved in the amplification process. Two requirements are therefore 

imposed on the system for phase modulated AM signals: 

1. The phase relations of the input signal must be reproduced for 

the amplified output signal. 

2. The recombination of the carrier signal and the amplitude modu- 

lation signal at the modulation grid must be synchronized. 

This can be accomplished with a number of phase linearization schemes 

for the carrier frequency signal and a delay line for the modulation 

.signal chain. Two possible methods for phase linearization are: 

i) Programmed phase compensation 
ii)Automatic phase control 

The phase compensator method is schematically shown in Figure 55. A 

phase shifter is inserted in the carrier signal line, which produces 

a prescribed phase shift as a function of the AM signal. 

An alternate method, using automatic phase control, is shown schematically 
in Figure 56. The carrier signal phase changes from output to input of 

the system are compared in a phase comparator, which may be a bridge-type 
circuit. The phase comparator produces a signal proportional to the phase 

deviation between output and input. 

shifter which compensates for the detected phase deviation. 

This deviation signal drives a phase 
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Figure 55 Traveling-wave tube modulator with phase compensator. 
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Figure 56 Automatic phase control for traveling-wave tube 
modulator. 
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The amplitude modulation is phase correlated with the phase modulation of 

the carrier signal. It is therefore necessary in this case to resynchronize 
the amplitude and phase modulation in therecombination process of the signal 

in the traveling-wave tube modulator. This can be accomplished by making 

the time delays ATo and AT 
chains from their recombination equal, or 

of the carrier signal and modulation signal 1 

> > + P0"t 

ATo = ATr 

. Pin 

1 ,  

These time delays do not vary with time; therefore, a delay time in' the 

modulation signal chain will provide the required synchronism at the 

recombination point (Figure 57). 

MOWLATION SIGNAL 

> 

DELAY LINE ( A  To= AT1 ) 

Figure 57 Synchronization of carrier and modulation signal 
branch for AM signals with PM. 
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Bandwidth Considerations 

In the discussion of the traveling-wave tube modulator method it was 
assumed that the carrier is amplitude modulated with a single frequency 

fl (Figure 48 and 4 9 ) ,  

modulation will extend over a frequency range Af 

modulation envelope as pictured in Figure 58.  In order to preserve the 
modulation envelope with the described scheme, it is necessary to pre- 
serve the phase relations in the modulation frequency range Af in all 

components and devices involved with the modulation. Such phase linearity 

is generally obtained when the bandwidth df 
larger than the frequency range Af of the signals to be handled, or 1 

However, in practical applications the amplitude 

1 with a nonsinusoidal 

1 

of the devices are considerably d 

1' Afd Af 

/- 

E 

Figure 58 Multifrequency amplitude modulation. 
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on This concerns the filters, the detector, the 

and the traveling-wave tube modulator, as well as any linearization 

vices. 
bandwidth, as well as.the phase linearization device and the delay time. 

For AM with PM the limiter and preamplifier also have adequate 

In an Appendix the energy distributions for vestigial sideband signals 

for television are analyzed. This analysis illustrates the significance 
of vestigial sideband AM signals ina practical application, 

G. REMOVAL OF HEAT 

The tubes generate waste heat, which is primarily produced at the collec- 
tor and to a lesser extent, at the slow wave structure due to beam inter- 
ception and circtiit losses. This heat must be removed while the operating 

temperatures are as low as possible for reliability reasons. The heat can 

L be removed in several ways: 

1)heat source - heat conduction- radiation into space 
2)heat source - heat conduction - heat pipe- radiation into space 

or 
3) a combination of 1) and 2) .  

These approaches have to be evaluated with respect to the overall required 

weight and size of the heat transfer systems,as well as the tube reliability 

and life, such that prime considerations have to be given to the life and 

reliability. The operating temperature is the most critical factor in 

determining the reliability; it should be as low as possible. 



It has been found t h a t  the  coupled cav i ty  temperature Tc a t  the  f e r r u l e s  

should not  exceed Tc = 35OoC when PPM focusing is used and Tc * 4OO0C 
with  a copper s t r u c t u r e .  

500 C i n  a closed system. 

p a r t s  o r  components a r e  excess ive ly  high, t h e i r  outgassing rate becomes 

The c o l l e c t o r  temperature should be below 
0 When the  operat ing temperatures of the  tube 

large.  This may lead t o  ion iza t ion  i n  the beam a r e a  and the formation 

of conductive coa t ings  across  ceramic insu la to r s .  Ion iza t ion  can cause 

damage of the  cathode by ion bombardment and conductive coa t ings  w i l l  

produce vol tage breakdown. 

The emissive power dens i ty  a s  a funct ion of temperature f o r  var ious 

thermal emis s iv i t i e s  i s  given i n  Figure 59. From t h i s  f i gu re  the  

required a rea  t o  r a d i a t e  a given amount of power can be ca lcu la ted .  

Assuming a r ad ia t ing  sur face  emiss iv i ty  of.8,  we  f ind  t h a t  a r a d i a t o r  

with a temperature of 100°C would need 12,500 cm 

1000 wat t s  of d i s s ipa t ed  power. 

r equ i r e  1095 cm2 of r a d i a t o r  area per  1000 wa t t s  of d i s s ipa t ed  power. 

Assuming t h a t  d i f f e r e n t  r a d i a t o r s  a r e  used f o r  the c i r c u i t  and the 

2 of r a d i a t o r  a rea  p e r  

A r a d i a t o r  operat ing a t  4OO0C would 

co l l ec to r ,  the  heat '  t r a n s f e r  from the  hea t  source ( co l l ec to r  o r  cir-  

c u i t )  must be accomplished with a low enough temperature grad ien t ,  

s o  t h a t  the  spec i f i ed  temperature l i m i t s  a t  the  hea t  source are not 

exceeded. 

Higher c o l l e c t o r  temperatures would be permissible ,  when the  c o l l e c t o r  

i s  no t  designed with vacuum sea l s ,  bu t  with e l e c t r i c  i n s u l a t o r s  ( separa tors )  

only, such t h a t  the  vacuum s e a l  i s  provided by a thermally t ransparent  

envelope a s  shown i n  Figure 60. This system uses a low temperature d i e l e c t r i c  

hea t  p i p e  cooling f o r  c i r c u i t  and gun, while the  c o l l e c t o r  i s  r ad ia t ion  cooled. 

The c o l l e c t o r  envelope cover would be removed i n  space t o  achieve space 

vacuum pumping. This tube could be processed and p re t e s t ed  on ground, 
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Figure 59 Emissive power as a function of temperature for 
various thermal emissivities. 
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since the thermally transparent vacuum envelope will protect the tube dur- 

ing ground processing and testing. 

ceramic separators leaving large gaps between different potential-collector 

plates for maximum pumping. 

heat by thin foil thermal insulators. 
mising for small tubes with a collector heat dissipation o f  up to 200 watts. 

The ceramic insula 

The circuit can be protected from the collector 

This system appears to be quite pro- 
. .  - 

For higher power levels, however, this system could become rather bulky and 
unreliable, at least at the present state of technology. 
850 MHzGube, the dissipated thermal power in the first collector plate is 

approximately 1000 watts. 
temperatures, the required collector diameter to radiate 1000 watts would 

be: 

For example,in the 

Assuming a thermal emissivity of.8 at all 

TEMPERATURE COLLECTOR PLATE DIAMETER 

5OO0C 
7OO0C 

9oooc 

16.4 cm (63.7 in) 
64.4 cm (25.4 in) 
33.5 cm (13.2 in) 

The diameter of the thermally transparent envelope, such as quartz or 

sapphire, should be a least twice as large as that of the collector in 

order to protect it against overheating and thermal stress fractures 

during ground testing. 
ficiently small, a radiating collector temperature of approximately 

1000°C would be required. 
rates would be too high even for space pumping and the tube operation 

could not be considered reliable. An alternative for direct radiation 

collector cooling would be to process and to activate the tube in space. 

This technique, if at all possible, would require extensive equipment 
for the spacecraft, and the mission reliability would be reduced con- 

siderably. 

In order to keep the size of the envelope suf- 

However at these temperatures the outgassing 
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Heat pipe cooling apears t 
high power levels of the t 

temperature, two different 

transfer from the tube to 

ture or a high temperature system. 

Low temperature heat pipe systems use primarily organic liquids, with 
operating temperatures in the range of 100°C to about 4OO0C, while 
high temperature heat pipe systems use primarily Liquid metals, With 
operating temperatures of approximately 500 C to 1000 C or even higher. 
The high temperature systems appear more attractive from a size and 

weight point of view, since the radiator size can be much smaller for 
higher radiation temperatures. 

heat transfer properties in such systems. Nevertheless, only low temper- 
ature heat pipe system are emsidered because Of their expected superior 

0 0 

Liquid metals also have generally better 

reliability and life potential. 

tric fluids and all tube components can be operated at a uniform tempera- 

ture. Such low temperature heat pipe systems can be designed without the 

additional weight burden of a large radiator, since they can be designed 

Low temperature systems can use dielec- 

as an integral structural part of the spacecraft. 
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V. ELECTRONIC DESIGN 

A. BASIC CIRCUIT INTERACTION CONSIDERATIONS 

1. Choice of Design Parameters 

D e  t a i l e d  exper imenta1l5 and theore t i c a l  1’16y17 s t u d i e s  on traveling-wave 

tubes have shown t h a t  maximum conversion e f f i c i e n c i e s  q 

designs can be achieved when 

fo r  conventional 1 

l5’I8 is  high, s ince  7 i, the value of the gain parameter C i s  
1 

propor t iona l  C 

the  ( r a d i a l )  propagation parameter y r a  has a value of  

approximately 

ii. 

with 

r = beam hole  rad ius  a 

Y =r *“ ( r a d i a l )  propagation constant  of slow-wave 
P s t r u c t u r e  

v = phase ve loc i ty  of c i r c u i t .  
P 

18 The gain parameter C i s  defined as 

with 

K = i n t e r a c t i o n  impedance of c i r c u i t  on e l ec t ron  beam 

Io = dc  beam curren t  

Vo = beam p o t e n t i a l  (vol tage)  
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The i n t e r a c t i o n  impedance K sh e f o r e  be 

t o  achieve good conversion e f f i c i e n c i e s .  

The i n t e r a c t i o n  impedance of coupled c a v i t y  c i r c u i t s  can be shown 

t o  be propor t iona l  t o  

(vo)l12 (f) -+) 
where 

h = cav i ty  he ight  

1 = cav i ty  period 
C 

A' - -  - (cold) bandwidth of c i r c u i t  
0 

f 

The i n t e r a c t i o n  impedance can the re fo re  be g r e a t l y  increased when the 

bandwidth i s  narrow. However, the bandwidth must be large enough t o  m e e t  

the  phase l i n e a r i t y  requirements as  discussed i n  the next  s ec t ion .  

The cav i ty  he ight  h can be increased when a l a rge  value f o r  the design vol tage  

V i s  chosen. It should be noted, however, t h a t  t he  gain parameter C varies 

wi th  the choice of t he  vol tage  a s  
0 

-1/2 c = propor t iona l  ( P ~ ) ~ / ~  (v,) 

with  

Po = beam power. 

The conversion e f f i c i e n c y  the re fo re  inc reases  with lower values of the 

beam vol tage .  A lower l i m i t  f o r  the vol tage  i s  given by the degrading 

arge,  which i reases wi th  lower beam vol tage  va lues  

mum e f f i c i e n c e s  can be obtained with 
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15918 a value of the  space charge parameter QC 

QC . 2 .  

This corresponds t o  a beam perveance of approximately 1 pp. This i s  t r u e  

only f o r  a conventional design. 

the  beam vol tage  should be h igher ,  with a lower space charge parameter value 

of approFimately 

When v e l o c i t y  resynchronizat ion i s  used, 

QC .05 t o  .10 . 

The corresponding beam perveance is  then a l s o  found t o  be lower. 

With v e l o c i t y  resynchronizat ion the conversion e f f i c i e n c y  depends a l s o  

on the gain parameter C. However, with c o l l e c t o r  depression the  effkciency 

va r i e s  very l i t t l e  with the  vol tage choice (within the  optimum space charge 

parameter values)  and design r u l e s  for. ve loc i ty  resynchronization c i r c u i t s  

have not  y e t  been e s t ab l i shed .  

the  t r i a l  and e r r o r  approach. 

A n  optimum design has t o  be determined by 

It was found t h a t  the  850 MHz and 2 GHz tubes could be designed with high 

enough vol tages  t o  permit a PPM focusing design without degradation of 

eff ic iency,  and t h e i r  vol tage choice was determined by s t a b i l i t y  requirements 

gf the  PPM focusing. 

This was not  the case ,  however. f o r  the 8 GHz and 11 GHz tubes;  t h e i r  . 

voltage was chosen t o  achieve optimum e f f i c i e n c y ,  and these  tubes have 

t o  be solenoid focused. PPM focusing f o r  these tubes would have required 

excessively high vol tages  t o  a s su re  focusing s t a b i l i t y ,  with a r e s u l t i n g  

degradation i n  e f f i c i ency .  

r a t h e r  low f i e l d  l imi t a t ions .  

PM foucsing i s  not  f e a s i b l e  because of i t s  
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The interaction impedance K can further be increased by choosing a phase 
angle 8 (for one period) very close to the lower cut-off frequency of 
the circuit. However, phase linearity consideratiom impose a minimum 
phase angle requirement as discussed in the next section. 

there are other design parameters of the coupled cavity structure which 

can be optimized for a high interaction impedance. 

However, 

One is a choice of the gap to period ratio of 

glRc = .2.  

The cavity height h can be maximized by reducing the wall, thickness of 
the circuit. The cavity height reduction,however, is limited by 

a. structural considerations 

b. thermal considerations to achieve good heat flow from 

the ferrules 
c. for PPM focusing by magnetic saturation effects of the 

cavity wall, which also serves as a magnetic pole piece. 

The propagation parameter yr 

field (impedance) reduction in the beam cro8s section. 

values the field reduction becomes smaller; however, space charge debunch- 

ing effects become stronger and there is an optimum choice for yr of .8. 

determines the rate of the radial circuit a 
With lower yra 

a 

With velocity resynchronization the choice of the relative beam velocity 

(voltage) of the driver section deserves special consideration. This 

parameter determines the efficiency of the driver section, but also the 

beam modulation which enters the resynchronization section. 

modulation is a rather important factor in making the velocity resynchrc- 

nization effective. The beam modulation of a modulated electron beam 

This beam 
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at large signal levels is generally rather complex, but of significance 

is primarily the beam modulation current at the fundamental frequency. 

This is the only component of the beam modulation which is capable of 

energy transfer to the slow-wave circuit. 

In Figure 61 the computed fundamental and harmonic beam modulation 
current at saturation have been plotted as a function of the velocity 

parameter b for typical tube conditions. 

defined by 

The velocity parameter b is 
18 

where 

u = dc beam velocity 
0 

v = circuit phase velocity. 
P 

1.5 

a a 
1.0 (HARMONIC BEAM CURRENT) 

3 OVERVOLT&€ 

si 8 

$ 0  
0 .5 1.0 1.5 2.0 2.5 3.0 w -.5 

LD 
VELOCITY PARAMETER b 

Figure 61 Fundamental and harmonic beam modulation current 
at saturation (computed). 
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It can be seen that the magnitude of the fundamental beam modulation 
current increases with smaller b values, until it reaches a maximum at 

the "optimum beam bunching voltage," which is lower than the maximum 

gain voltage. This "optimum beam bunching voltage" in the driver section 

provides indeed the largest efficiency enhancement with velocity re- 

synchronization, even though the initial efficiency is then rather low. 
At this voltage the harmonic beam current is comparatively small. At the 
"optimum overvoltage ,I1 on the other hand, the fundamental beam current is 
rather small, and practically no further efficiency improvement is possible 

with velocity resynchronization, at least not with the methods described 

here. At this voltage the harmonic beam modulation current is compara- 

t ive ly large. 

For the tube designs the propagation parameter was chosen to k! 

yra = .80 

and the velocity parameter b to be 

b = 0 .  

2 Phase Linearity and Bandwidth Considerations 

Transmission of television signals requires a very high degree of phase 

linearity of the transmission system. 

slow-wave structure can readily be derived from its equivalent circuit. 
The phase characteristics of a 

The coupled cavity circuit can be represented by an equivalent lumped 
circuit as shown in Figure 62. 
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C c C 

Figure 62 Equivalent circuit for coupled cavity structure. 

L and C are the elements of the cavity alone 
inductance of the coupling hole. 

while M is the mutual 

The network shown.in Figure 62 can be transposed into an equivalent 

ladder network consisting of T-sections as shown in Figure 63.  

Figure 63 

Equivalent T section of 
coupled cavity circuit. 

- 
The phase characteristics of a T-section network as shown in Figure 64 are 

generally given by 

z1 

z2 
cos c p =  1 + - . 

Figure 64 

T section ladder network. c 
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The d i spe r s ion  c h a r a c t e r i s t i c s  of the equ iva len t  c i r c u i t  of Figure 63 a r e  

the re fo re  

c o s  @ 

The cu t -of f  frequencies are determined by the conditions:  

1 + - = o  Lower cut-off frequency f - 2 
1' z1 z2 

Upper cut-off frequency f *: z1 = 0 

For  narrow-bandwidth c i r c u i t l l ,  the  phase c h a r a c t e r i s t i c s  can be approximated 

by 

c o s  y = a f  f m [ 1 - 1/2($) '1 
C 

with 

2 f l  + f 
f =  
m 2 

Afc = f 2  - f l  

Y = $Q hase angle pe r  period. 

$ = c i r c u i t  propagation parameter 
e' 

The phase dev ia t ion  2 is  the re fo re  

The phase devia t ion  has been p lo t t ed  i n  Figure 65 f o r  a c i r c u i t  with a 

cold bandwidth Afc of 



- 
Af  c =60 MHz 

2.- 

I -  

-REQUIRED BANDWIDTH 
1 1 1  

I I I I I I I I t I 1 

f 1 IO 20 30 40 50 

FREQUENCY ( M H d  

Figure 65 Phase dev ia t ion  of coupled cav i ty  c i r c u i t .  

Afc = 60 MHz 

f o r  the  2 GHz tube. 

These da t a  suggest choosing a phase angle po f o r  the  center  frequency of 

60 

4 x  - -  
'0-3 
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i n  order  t o  keep t h e  phase devia t ion  wi th in  a spec i f i ed  maximum value of  

The phase devia t ion  a t  the  cen te r  frequency f is found t o  be 
0 

8 (850 MHz) = -1.1Go/MHz 

3 (2 GHz) = -1.12O/MHz. 

I n  Figure 66 the  phase devia t ion  a t  the  cen te r  frequency (1 = 4 d 3 )  has 

been p l o t t e d  as a func t ion  of the  cold bandwidth. It can be seen t h a t  a 
0 

cold bandwidth Afe of less than 60 MHz i s  inadequate t o  m e e t  the  phase 

devia t ion  requirements f o r  amplitude modulation. 

The AM tubes are the re fo re  designed f o r  a cold bandwidth Afc of 

Afc = 60 MHz 

with  a cen te r  frequency phase angle of 

4Tc * - -  0 - 3 .  

2 

d f2  
For the  FM tubes the  spec i f i ed  second order  phase dev ia t ion  dP i s  

2 - -  d29 - .0So/(MHz) maximum 
df2  

2 2 

df2  
- ' = < .015O/(MHz) des i red .  
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Figure 66 Phase deviation and bandwidth for coupled 
cavity circuit. 

For narrow bandwidth coupled cavity tubes the second order phase 

deviation can be expressed by 

3 cos * 
f Afc sinp 
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This has been p lo t t ed  f o r  t he  2 GHz tube with AfC = 60 HfIz cold bandwidth 

i n  Figure 67. These d a t a  also suggest t o  choose a phase )angle$ f o r  the  
0 

of center  frequency 

4fi = -  
Po 3 

i n  order  t o  keep the second order  phase devia t ion  s m a l l  enough. 

‘y, 

I 
E 
N 

v 
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Figure 67 Second order  phase dev ia t ion  f o r  coupled 
cav i ty  c i r c u i t .  
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4% A t  the cen te r  frequency ( v  =-) the  second order  phase devia t ion  i s  

found f o r  a 60 MHz cold bandwidth t o  be 
0 3  

2 d u  
df2 (2 GHz) = .0.145°/(MHz)2 - 

dLlr 7 (8 GHz) = .O13O0/(MHz)* 
df 

2 2 

df 
- 2' (11 GHz) = .0128°/(MHz) . 

I n  Figure 68 the  second order  phase devia t ion  i s  shown a t  the center  

frequency a s  a funct ion of the  cold bandwidth Afc. A cold bandwidth 

choice of 

appears t o  be adequate t o  meet the phase l i n e a r i t y  requirements o f - t h e  

FM tubes and has therefore  been used a s  a design b a s i s  f o r  these  tubes. 

The phase l i n e a r i t y  considerat ions given above do not  include the  e f f e c t s  

of beam loading on the c i r c u i t .  These e f f e c t s  cannot a s  y e t  be analyzed. 

Should these  e f f e c t s  be found t o  be de t r imenta l  t o  the phase l i n e a r i t y ,  i t  

would be easy t o  r e s t o r e  the  required l i n e a r i t y  by an appropr ia te  increase 

of the  cold bandwidth, however, a t  some expense of i n t e r a c t i o n  impedance 

and e l e c t r o n i c  e f f i c i ency .  
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Figure 68 Second order phase deviation and bandwidth for 
coupled cavity circuit. 
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The interaction impedance of the slow wave structure is an important 
parameter in d signing a high efficiency traveling-wave tube. 
to obtain more realistic data for these designs, cold test circuits 
were designed and built to evaluate the interaction impedance empirically. 

The circuit design was based on the procedures outlined in the previous 
sections. 

width W (Figure 69) were adjusted empirically to achieve the desired 
cut-of f frequency' and bandwidth. 

the predicted design dimensions. 

adjustments were discontinued when an approximate frequency and band- 

width perfermance,was obtained. The resultant cavity dimensions are 

given in Table X I I .  

In order 

The final dimensions of the ,cavity radius r3 and the slot 

These dimensions agree closely with 

The empirical frequency and bandwidkh 

Figure 69 Schematic of coupled cavity circuit. 



Table XI1 Coupled cavity dimensions for cold tests. 

S -BAND 
- 

8.8 kV 

2.03 GHz 

55.3 MHZ 

.75 cm (.295 in) 

,952 (.375 in) 

10.17 cm (4.000 in) 

5.84 cm (2.300 in) 

1.853 cm ( .730 in) 

.203 cm (.080 ir,) 

1.65 cm (.650 iq) 
.371 cm ( .146 in) 

4.32 cm (1.700 in) 

2.92 cm (1.150 in) 

X-BAND 

10.5 kV 

8.05 GHz. 

44.6 MHz 

.203 cm ( .080 in) 

.355 cm (.140 in) 

2.465 cm (.970 in) 

1.485 cm (.585 in) 

.508 cm (.200 in) 

.127 cm (.050 in) 

.381 cm ( - 1 5 0  in) 

. lo2  cm ( . 04  in) 

.98 cm (.385 in) 

.381 cm (, 150 in) 



The resultant frequency versus phase diagram for the S-band circuit is 

in Figure 70. 
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V, = 8.8 KV 

OPERATIONAL 
A t  

BANDWIDTH 

5n 
4 
- S W  
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- 2r 

Figure 70 Dispersion diagram for 2 GHz coupled cavity 
circuit (measured) . 

The measured interaction impedance K of these structures, as obtained 

with a perturbation method,are shown in Figures 71 and 72. 
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Figure 71 Interaction impedance of 2 GHz coupled cavity 

circuit (measured). 
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Figure 72 Cold interaction impedance of X-band circuit 
(measured) 
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In a number of previous experiments, itrhas been established, that the 

effective interaction impedance K' of a coupled cavity tube is reduced 
by a factor of approximately 2 due to electronic beam loading effects, 
or 

2 GHZ 8 GHz 

148 0 740Q 4 K ' ( u =  7) 

K' (effective) w 1/2 K (cold) 

as illustrated in Figure 71 for the S-band circuit. It is also-well 
established that the effective interaction impedance remains finite 

at the lower cutoff frequency. High efficiency has been demonstrated 

with many coupled cavity tubes at this frequency. 

Following conventional design procedures, the cold bandwidth Afc of a 

coupled cavity circuit is designed to be twice as large as the opera- 

tional bandwidth Af of the tube, such that the lower half of the fre- 

quency range is used, with the center frequency producing a phase angle 

in one cavity. 

From these data the interaction impedance can be scaled to other circuits 

by 

K = proportional (Vo) 
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Evaluat ion of Dielectric Loading on Coupled Cavity C i r c u i t  

The diameter of  coupled c a v i t i e s  can be s i g n i f i c a n t l y  reduced, when t h e  

cav i ty  i s  f i l l e d  with a d i e l e c t r i c  mater ia l .  Such d i e l e c t r i c  loading, 

may, therefore ,  accomplish a considerable  s i z e  and weight reduct ion,  

e spec ia l ly  f o r  lower frequency tubes, provided the  i n t e r a c t i o n  impedance 

and consequently the  e f f i c i ency  does not  become degraded. 

Cold tests were therefore  undertaken t o  eva lua te  the  e f f e c t  of d i e l ec -  

t r i c  loading, using the  X-band c i r c u i t  described above as a test  vehic le .  

"Stycast" ma te r i a l  with a d i e l e c t r i c  constant  E of 

E = 6  

and 

E = 9  

w a s  used t o  s imulate  the d i e l e c t r i c  p rope r t i e s  of Be ry l l i a  (BeO) and 

Alumina. 

This ma te r i a l  can be machined,and therefore  i t  i s  easy t o  f ab r i ca t e .  

The higher  losses of t h i s  mater ia l  do not  s i g n i f i c a n t l y  a f f e c t  the  pro- 

p e r t i e s  t o  be evaluated (impedance and phase v e l o c i t y ) .  The coupling 

s l o t  width W (bandwidth) w a s  increased t o  f a c i l i t a t e  the  measurements. 

The s i z e  of the  d i e l e c t r i c  d i s c s  w a s  chosen t o  completely f i l l  the  cavi ty  

space between the  ou te r  rad ius  ( r2 )  of the  f e r r u l e  and the  wal l  (r3) of 

the cavi ty .  

lectric. The frequency versus  phase da t a  of these  experiments are 
shown i n  Figure 73. 

The coupling s l o t  between c a v i t i e s  was not  f i l l e d  with d i e -  

The r e s u l t a n t  c i r c u i t  c h a r a c t e r i s t i c s  with d i e l e c t r i c  loading have t o  

be compared t o  those of an equivalent  unloaded c i r c u i t  with the  same 

frequency, bandwidth, and vol tage  (per iod) .  One obta ins  an e f f e c t i v e  

d i e l e c t r i c  constant  E ' ,  which determines the  cav i ty  rad ius  r3' ( E  = 1) 
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Figure 73 Phase diagrams for dielectrically loaded 
coupled cavity circuits (measured). 



of the equivalent unloaded circuit, or 

r3(€) -1/2 = ( E ' )  . r3' (E = 1) 

Of particular concern is the comparison of the interaction impedance K 
(at a given phase angle eo) with that of the equivalent unloaded circuit 
K', expressed by an impedance factor Fk: 

- - K'. 
Fk K (E: = 1) 

These comparison data have been compiled in Table XI11 below: 

Table XI11 Comparison of dielectrically loaded circuit with equivalent 
unloaded circuit. 

Upper Cutoff Frequency 

Lower Cutoff Frequency 

Bandwidth 

Interaction Impedance 

Circuit Voltage 

Cavity Radius Reduction 

Effective Dielectric 
Constant 

Interaction Impedance 
of equivalent circuit 

Impedance Factor 

fo 
K ( ' I  = 4d3) 

V ( Q = 4d3) 

'3 (e) 

r3' (E = 1) 

1 

:I(€ = 1, Q = 4n/3 

7 
k 

E = 1.0 

8.005 

7.530 

6.15% 

120.80 

9.78 kV 

1 

1 

1 

~ = 6  

4.007 

3.715 

7.70% 

51.20 

2.37 kV 

.442 

5.10 

4 7.4R 

1.08 

€ = 9  
3.371 

3.114 

8.11% 

45.40 

1,66 kV 

.373 

7.18 

37.80 

1.20 



These da t a  show t h a t  a s i g n i f  

c a v i t y  can indeed be accompli 

lectric loading is  accomplished wi th  a s l i g h t  i n m e a s e  of t 
a c t  ion impedance. 

K'(ohms) 

€ I  

The d i e l e c t r i c  loading method is  the re fo re  appl ied  t o  the des ign  of t he  

850 MHz and 2 GHz tubes t o  reduce t h e i r  diameter and weight, 

850 NHz 2 GHz 8 GHz 11 GHz 

89 189 550 820 

9 9 1 1 
1 

It i s  the re fo re  proposed t o  use Alumina (E = 9) a s  a d i e l e c t r i c  loading 

ma te r i a l  f o r  the des ign  of t he  850 MJ3z and 2 GHz tubes. This material 

provides a l a r g e r  diameter reduct ion  compared t o  Bery l l i a  loading. 
4. 

Such d i e l e c t r i c  loading w i l l  also  s i g n i f i c a n t l y  improve .the h e a t  flow 

from the cav i ty  f e r r u l e  t o  t h e  ou t s ide  of the tube,primarily because 

the  r a d i a l  conduction path i n  the c a v i t y  w a l l  i s  much shor t e r .  

m e  d i e l e c t r i c  loading w i l l  however inc rease  the  l o s s e s  due t o  the  d i -  
electric lo s ses  i n  the ceramics, bu t  only t o  an i n s i g n i f i c a n t  e x t e n t  f o r  

t he  850 MHz and 2 GHz tubes.  

The i n t e r a c t i o n  impedance K', inc luding  the  e f f e c t  of the beam loading 

and of the d i e l e c t r i c  loading with Alumina, a r e  the re fo re  f o r  t he  tubes 

a t  c P = -  4* and f o r  Af,= 60 MHz: 3 



4 .  Experimental Evaluation of Circuit Losses 

The efficiency of traveling-wave tubes can be significantly affected by 

the intrinsic losses of the slow wave structure, especially at higher 

frequencies. 

the large signal computer program. The loss is generally expressed by 

the loss parameter d, defined as: 

The effect of the circuit losses is therefore included in 

a d =  
'ec 

with 

a = loss constant 
Be = electronic propagation parameter. 

A realistic evaluation of the coupled cavity circuit losses is only 

possible experimentally with cold tests. The loss L of an existing 
coupled cavity circuit at C-band was therefore measured. The circuit 

consisted of an unbrazed stack of coupled cavities made of copper with 
an input and output coupler. 

The loss constant is then determined to 

L(dB) 
8.69R a =  

with 

R = circuit length. 

For the measured circuit the loss constant was 

-3 a = 3.88 10 /cm (fo = 4.7 GHz , K' = 22 ohms). 
C 



It can be shown, that the loss constant 
varies with frequency as 

of a coupled cavity circuit 
C 

Beryllia (Be@ 

aC = a ( f p 2  ( K y l e  

E: tan 6 

6 ,0005 

With this scaling the loss constant can be estimated for all tube designs. 

The dielectric loading of the 850 MHz and 2 GHz tube circuits will in- 
crease these circuit losses by those of the dielectric ad, or 

a = a  + a  c d '  

The dielectric losses ad can in good approximation be expressed by 

Ffi th 

tan 6 = loss tangent of dielectric material 

c = velocity of light . 

The dielectric losses increase proportional to the frequency and thus 

become quite significant with higher frequencies. 

A number of low loss dielectric materials are available, which can be 
used in vacuum tubes. 

used in tubes. 

are known as follows: 

Among these, Alumina and Beryllia are frequently 

Their dielectric properties at microwave frequencies 

.0003 l 9  Alumina (Al2O3> 



Neither  t he  d i e l e c t r i c  cons tan t  E no n i  
c a n t l y  wi th  frequency o r  wi th  temperature (up t o  

The loss cons t an t s  f o r  t he  tubes, assuming d i e l e c t r i c  loading, are 

the re fo re  estimated to  

850 MHz 2 GHz 8 GHz 11 GHZ 

ad (cm-l) 8.5 1.88 I O - ~  --- --- 
4.7 3.37 2.3 1.82 

5.25 2.3 1.82 

-1 a- (cm 1 
C 

(cm-l) 5.5 t o t a l  a 

It can be seen, t h a t  t he  d i e l e c t r i c  l o s ses  a t  the low frequencies are 
r e l a t i v e l y  small compared to.tI ie ohmic Losses. 

5. Coupled Cavity S t r u c t u r e  Design 

The des ign  parameters  of the tubes,  p r imar i ly  the choice of the  beam vol tage  

V '  were varied,  and the e f f i c i e n c i e s  were computed with a l a r g e  s i g n a l  com- 

puter  program t o  a r r i v e  a t  an optimum e f f i c i e n c y  design wi th in  the thermal 

and focusing c o n s t r a i n t s .  For a given set of tube parameters t he  c a v i t y  

dimensions f o r  a required frequency and bandwidth can be ca l cu la t ed  from 

the  f i e l d  equations of a coupled cavi ty ,  which inc lude  t h e  e f f e c t  of t h e  

f e r r u l e  and the coupling s l o t .  

d 

The cav i ty  dimensions (Figures 69 and 74) a r e  obtained from the  solu-  

. I n  p r a c t i c e  t i o n  of a t ranscendenta l  equat ion (Bessel func t ions)  

t hese  dimensions are found t o  be accura te  t o  about 5%, and empir ica l  cor- 

r e c t i o n s  of t he  c a v i t y  r ad ius  r and of t h e  coupling angle  e are required 

t o  ob ta in  the  des i r ed  frequency and bandwidth. 

20,21 

3 
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The outs ide  rad ius  R 

s t r u c t u r a l  s t r eng th  t o  the  s t ruc tu re .  A wall  thickness  of .050" t o  

.loo" can be considered s u f f i c i e n t  f o r  t h i s  purpose. 

jump cavi ty ,  however, provis ions must be made t o  incorporate  a choke 

i n  the cav i ty  wal l  t o  e l imina te  RF per turba t ions  by the in su la t ion  a s  

shown schematically i n  Figure 75. 

of t he  cav i ty  has t o  be chosen t o  provide adequate 1 

For the  vol tage 

+ A V j  

Figure 75 Voltage jump t r a n s i t i o n  i n  coupled cavi ty  
c i r c u i t .  

For t h i s  cav i ty  a c i r c u i t  wal l  thickness  of h/2 w i l l  be provided. 

i s  assumed t h a t  Alumina (E = 9) i s  used f o r  i n su la t ion  and f o r  die-  

lectric loading. This w i l l  reduce the  required electric lengths  f o r  

the choke design by and the  wall  thickness  can be reduced t o  

ho/6 .  

It 

The outer  cavi ty  rad ius  R1 i s  then given by 



R1 = r3 + Ao/6. 

For coupled cav i ty  c i r c u i t s  with PPM focusing (Figure 76) t he  wal 
thickness t has t o  be increased t o  keep t h e  magnetic f l u x  dearttrtf.in 

t h e  pole pieces low enough and t o  provide an adequate thermal path t o  

the ou t s ide .  

l i s t e d  i n  Table XIV. 

The r e s u l t a n t  cauity dimensions (Figure 74 and 76) are 

RING MAGNET 

Figure 76 Schematic of permanent pe r iod ic  magnet focusing 
s t r u c t u r e  with coupled cav i ty  c i r c u i t .  
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B, CIRCUIT CONFIGURATIONS WITH F JUMP TAPER 

A new e f f i c i ency  enhancement meth l t a g e  jump- t-6, has 
been introduced f o r  the  high e f f i c i ency  design of the tubes. This 

scheme was found t o  be super ior  t o  the previously used vol tage jump 

ve loc i ty  taper  method i n  e f f ic iency ,  a b i l i t y  t o  focus and f l e x i b i l i t y  

of adjustment. 

i t s  design ‘.s less c r i t i c a l  with respect t o  the  optimum length.  There 

i s  a l s o  design f l e x i b i l i t y  i n  the  choice of the  maximum overvoltage.  

A maximum overvoltage V 

o r  

I n  c o n t r a s t  t o  o t h e r  ve loc i ty  resynchronizat ion schemes, 

of approximately twice the bas i c  vol tage  V j 0’ 

was chosen i n  order  t o  keep the  vol tage gradien ts  i n  the  c a v i t i e s  

wi th in  acceptable  l i m i t s .  

The tubes with FM modulation (tubes 111, I V  and V) a r e  designed f o r  

40 dB s a t u r a t i o n  gain,  while the  AM tubes (tubes I and 11) a r e  t o  be 

operated i n  the  modulator chain from zero t o  20 dB gain.  The high 

ga in  tubes have t o  be-designed with a sever  t o  prevent feedback o s c i l l a -  

t ions,  while the modulator tubes a r e  designed a s  feedthrough tubes 

without a t t enua to r .  

input .and output couplers t o  assure  s t a b i l i t y  a t  the  peak values  of 

output.  

However; care  must be taken i n  the  design of t h e i r  

The severs  are e i t h e r  i n t e r n a l  o r  ex te rna l  cav i ty  terminations loaated 

approximately i n  the  cen te r  of the  c i r c u i t  length.  

considered i n t e r n a l  cav i ty  terminations appear adequate. These i n t e r n a l  

severs  c o n s i s t  

For the  power l eve l s  

of very lossy ceramic material, which p a r t i a l l y  f i l l s  

e power of the  c i r c u i t  wave, 

c t i o n  of the  c i r c u i t  t o  and the  RF energy i s  coupled from 



the output section by the beam mo$ulation only. Such RF coupling in a sever 
between the circuit sections can only be accomplished at the expense of 

some power loss. That is not of great concern, since the power (gain) 

loss  of the sever can be recovered by increasing the tube length to pro- 
vide additional gain. 

This is only true, however, if the sever is located in the small signal 

region of the tube; this can be assured by designing the output section of 
the tube with high enough gain. If this is not the case, the sever is 

found to degrade the beam modulation, and sever efficiency losses are 
observed. These requirements are alm to be satisfied for a tube with velocity 

resynchronieation. The gain between sever and the velocity resynchroni- 

zation section must be high enough in order to avoid a degradation of 
the beam modulation. This important design consideration in conjunction 

with a sever has been evaluated with the large signal computer program, 

which is capable of analyzing sever problems. 

The tube parameters and characteristics are generally expressed in terms 

of the small signal parameters and linearized gain characteristics. 
The gain G (in dB) can then be expressed by 

15 

G = BCNl -A -Ls -AG1 -I- AG 
j 

as illustrated in Figure 77, 

where 

BGNl = small signal gain over N 1 number of wavelengths 
BC 
A = launching loss 
Ls = sever loss 

AGl 
AG 

= small signal gain per wavelength 

= gain compression (at saturation) 
= gain in multi-voltage jump taper. 

j 



GAIN (d5) 

/ I / 

Figure 77 Linearized g n profile in moltiPcr4tage jump taper traveling- 



These parameters have been obtained by the large signal analysis. They 

are listed in Table XV together with the other small signal parameters 
and the number of cavities in the various tube sections. 

The voltage profile of the multi-voltage jump taper was optimized with a new 

computer design technique. It was found that the optimum voltage profile 
did not exhibit a linear increase as expected. The optimum voltage jump 

taper configurations are listed in Table XVI together with their voltages 

V (above cathode potential) and voltage gradients AV . n n 

The resultant efficiencies are in the range from 75% to 80% with multi- 
stage collector depression. Their values are listed in the next section, 

6. EFFICIENCY ENHANCEMENT WITH MULTI-STAGE COLLECTOR DEPRESSION 

A significant part of the efficiency enhancement can be achieved with 

a multistage depressed collector. 
employing velocity resynchronization schemes, resulting in very high 

conversion efficiencies, multistage depressed collectors become very 

effective for further efficiency enhancement. In this section the 
feasibility of multistage collector depression is therefore evaluated 

for all tubes. The optimum number of collector stages is determined, 

taking collector deficiencies of velocity sorting and secondary sup?. 

It will be shown that for tubes 

pression into account. 

The collector performance evaluation S s  based on a new design approach, 
which incorporates magnetic refocusing, transverse magnetic and electric 
velocity sorting, and electric suppression of secondaries as described 
in Section IV. D. These techniques are considered an optimum design 

approach for multistage collectors, but this has yet to be substantiated 
by analysis and experiments. 
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This evaluation is based on the computed energy distribution of the 

spent beam, which has been obtained from the large signal analysis 

of the high efficiency designs, 

distributions have been compared in detail with velocity distribution 

Such computed spent beam energy 

1 measurements with a velocity analyzer in previous studies . 
agreement of these data has been found. 

Very good 

Such velocity clistributions are usually presented in an integrated form: 

where 

= fraction of beam current with kinetic energy 
Larger than or equal to V. IO 

1 - ~w. = "current energy density" (fraction of beam current 
IO with kinetic energy E per unit energy range). - 

The computed spent beam energy distribution of the 2 GHz tubes and the 
8 GHz tube is shown in Figure 7 8  and 79 

designs and for the previously used velocity,taper - voltage jump combina- 
tion and the voltage jump method. 

for the multivoltage jump taper 

The multi.voltage jump taper designs are found to have a larger velocity 
spread and are therefore better suited for multistage eolle~tor opera- 

tion. 
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With these  spent beam c u r r e n t  energy d i s t r i b u t i o n  data ,  i t  becomes poss ib le  

t o  eva lua te  the  e f f i c i e n c y  improvement whick can ,be  obtained wi th  mul t i -  

s t age  c o l l e c t o r  operation. With n' c o l l e c t o r  s t a g e s ,  the e f f i c i e n c y  

improvement F , as comparedLto a s i n g l e  eoLle'ctor a t  t he  highP'sfi&eam 

p o t e n t i a l  V 
C 
can be expressed by: 

j' 

v. Io 
F =  .. 

C n c (Vj  -nvk) n Ik 

k = l  

where 

V = beam p o t e n t i a l  a t  output 

Io = beam cur ren t  
j 

AVk = c o l l e c t o r  b i a s  of s t age  k 

AIk = beam cur ren t  with ene rg ie s  between V k and 'k+l 

This assumes an i d e a l  c o l l e c t o r  wi th  p e r f e c t  v e l o c i t y  s o r t i n g  and no 

ocher degrading e f f e c t s .  

I t  can be shown t h a t  f o r  k s t ages  the re  e x i s t s  an  optimum s e l e c t i o n  of 

t he  c o l l e c t o r  p o t e n t i a l s  Vk (and c o l l e c t o r  cu r ren t s  AIk) f o r  which t h e  

e f f i c i e n c y  improvement becomes a maximum. These optimum c o l l e c t o r  

p o t e n t i a l s  V a r e  given by the condi t ions :  k 

n 

k = l  

with  

c o l l e c t o r  power P = C v k A I k  
C 

and Vk = V - AV,. 
j '  
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number of collector stages was varied from one to 

the pol$rEble efficiency improvements as a function of the number of col- 

lector stages. 

.. 

These ideal collector data were corrected for some of the more signifi- 

cant degrading effects, specifically: 

1. Space charge potential depression 

2. Imperfect velocity sorting 

3 .  Secondary electron backstreaming 

The magnitude of these degrading effects was estimated optimisticallyp 
assuming that improved collector design techniques will be developed 
compared to the present state of the art. With these corrections it 
.was found that the maximum tube efficiency is achieved with four collec- 

tor stages, while additional collector stages will not improve the effi- 
ciency anymore. 

With more conservative assumptions for these corrections a maximum 
(slightly lower) efficiency is achieved with three collector stages. 

These corrections are estimated as follows: 

The space charge depression AV was assumed to be 5% of the beam potential 
C 

AVc = .05 Vo. 
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This value has been chosen because 

depressed wi th  a dc beam as much as 95% 
i s  observed. 

I n  the mul t i - s tage  collector designs,  the i d e a l  c o l l e c t o r  p o t e n t i a l s  

V a r e  the re fo re  increased t o  k 

Vk' = Vk + .05 Vo 

t o  take t h i s  e f f o r t  i n t o  account. 

Veloci ty  Sor t ing  Eff ic iency  7s 

It i s  assumed t h a t  each of the v e l o c i t y  s o r t i n g  mechanisms of t he  n 

c o l l e c t o r  s t ages  has a v e l o c i t y  s o r t i n g  e f f i c i e n c y  7 of less than 100%. 
S 

These imperfections of v e l o c i t y  s o r t i n g  can be caused by non-laminar 

f l o w  condi t ions  of t he  e l e c t r o n  t r a j e c t o r i e s  and by inadequate conf i -  

gura t ions  of the s o r t i n g  f i e l d s .  

k is modified to :  

A s  a r e s u l t ,  t he  c u r r e n t A I k  of s t age  

I n  Figure 80, t he  e f f i c i e n c y  improvement of the 850 

f o r  one t o  f i v e  c o l l e c t o r  s t ages  and varying va lues  of the v e l o c i t y  

s o r t i n g  e f f i c i ency ,  inc luding  secondary backstreaming of 10%. 

MHz tube i s  shown 

I n  t h i s  case  the c u r r e n t  AIk t o  s t a g e  k is reduced by a c u r r e n t  Is of 

backstreaming secondaries of 

Is = - . lo AIk 

This backstreaming c u r r e n t  is  assumed t o  flow t o  the  next higher col-  

l e c t o r  s t age  k - 1. 
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Figure 80 Effect of velocity sorting efficiency in multistage 
collector operation (computed for 850 MHz tube). 



These plots show that the eff 

number of collector stages re 

(ideal) corresponding to a tube efficiency 

ment becomes smaller with an increasing number of collector stages. 

ideal ultimate multistage collector efficiency, when the beam energy is 

completely recovered, is then reached with a large number of collector 

stages. 

cy improvement is 

The 

The efficiency 

ing efficiency 

stages . 

improvement is significantly reduced when a reduced sort- 

is taken into account, especially for a larger number of 

In previous multistage collector studies on two stage collectors with 

radial velocity sorting (Section IV. D) a sorting efficiency of 

= 70% 7s 

was achieved, as compared to the measured spent beam energy distribution. 

The proposed transverse magnetic and electric velocity sorting scheme 

is not subject to the deficiencies of the radial velocity sorting scheme 

(Section IV, D.)* It is therefore believed that an improved sorting 

efficiency of 

= 80% 7.9 

should be feasible with careful evaluation and development. 

Computations show (Figure 81), that a multistage collector with 

n = 4  

stages would then iciency improvements. 
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Backstreaming of Secondaries 

Backstreaming secondaries have been the subject of considerable attention 

in depressed collector design. Effective design methods are available to 
keep the backstreaming current from Secondaries small. 

In this evaluation, it is assumed that each collector stage loses a 
fraction fB of its current due to backstreaming secondaries: 

Is =-f AIk. B 

This current is assumed to be collected at the adjacent collector stage with 
the higher collector potential. 

is then modified by the secondaries to: 
The collector current A Ik in stage k 

A Ik' = A Ik + fB (AIk 
+ 

- A Ik) 

Only the first collector stage (beyond the output coupler) is assumed not 

to lose secondaries, because this stage provides more design freedom for 
the suppression of secondaries. 

The efficiency improvement has been evaluated for a variable amount 
of backstreaming current Is of secondaries. 
backstreaming current 

It is assumed, that this 

is collected at the next higher collector stage K-1. In Figure 82 the 
resultant efficiency improvements Pc have been plotted for the 850 M H z  

tube as a function of bhe number of collector stages, assuming a sorting 



efficiency of 9 
each stage. 

useful collector stages is primarily determined by the effectiveness of 

the velocity sorting mechanism, while the effect of the backstreaming 

secondaries remains relatively minor. 

= 80% and a space charge'depression of AVc = .05 Vo for 
S 

It can be seen,. that with these assumptions the number of 

In previous multistage collector studies' on two stage collectors with 

radial velocity sorting and secondary suppression by shielding' (Section IV. 8) 

a backstreaming current of 5% was observed. 

With a larger number of collector stages the reduction of backstreaming 

secondaries depends primarily on the accuracy of the velocity sorting 

mechanism. With perfect velocity sorting, practically no backstreaming 
secondaries are expected to occury since only the collector aperture edges 

may contribute to them. With inaccurate velocity sorting, however, some 

trajectories will strike the wrong side of the collector electrodes 

(Pigure 42), which have no field suppression, and backstreaming of . - 

secondaries will result. 

that the backstreaming of secondaries for each collector stage can be 

kept to lo%, or 

. x  

In the following analysis it will be assumed, 

Is = - . lo AIk 

Without more detailed studies, this has to be considered an arbitrary 
assumption. The data of Figure 81 show however, that the effect of 

secondaries is not very significant. 
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NUMBER OF COLLECTOR STAGES n c  

Figure 81 Ef fec t  of backstreaming secondaries on mul t i s tage  
c o l l e c t o r  operat ion (computed for 850 MHz tube). 

I n  Table X V I I  the  computed optimum c o l l e c t o r  vo l tages  and cu r ren t s  have 

been l i s t e d  f o r  a l l  tubes.  These da t a  include the  cor rec t ions  descr ibed 

above. 

These da t a  show t h a t  t yp ica l ly  the  f i r s t  and second c o l l e c t o r  s t age  po- 

t e n t i a l  is higher  than the  d r i v e r  s ec t ion  p o t e n t i a l  V while the  p o t e n t i a l  

of the t h i r d  s t age  i s  approximately the  same as t h a t  o f  the  d r i v e r  sec t ion .  

The fou r th  c o l l e c t o r  s t age  p o t e n t i a l  genera l ly  is much lower than t h a t  of 

the o ther  s tages .  

0’ 



The c o l l e c t o r  cu r ren t s  decrease q u i t e  s u b s t a n t i a l l y  with the  number of 

s tages .  The f i r s t  s t age  c o l l e c t s  about 40 to  50% of the  beam curren t ,  

while t he  fou r th  s t age  c o l l e c t o r  cu r ren t  i s  only about 5 t o  10%. 

The thermal load d i s t r i b u t i o n  on the  c o l l e c t o r  s t ages  i s  of concern f o r  

the  cooling design. 

computed spent  beam energy d i s t r i b u t i o n  a l so .  The thermal load, which 

includes the  e f f e c t s  of  t he  space charge depression, ve loc i ty  s o r t i n g  

and backstreaming secondaries,  as described above, has  a l s o  been l i s t e d  

i n  Table XVII . 

The c o l l e c t o r  load has been evaluated with the  

These da t a  show t h a t  a major por t ion  of the thermal c o l l e c t o r  load, 

about 40 t o  50%, i s  dumped i n t o  the  f i r s t  c o l l e c t o r  s tage,  while the 

thermal load of each of the  following s tages  i s  s i g n i f i c a n t l y  reduced. 

The l a s t  ( four th)  s tage  has t o  absorb only about 10% of the  beam d i s -  

s i pa t ion. 

If these c o l l e c t o r s  were t o  be r ad ia t ion  cooled a problem would arise 

a s  t o  how t o  provide adequate heat  sh ie ld ing  f o r  the  c i r c u i t  and t o  

remove the  hea t  from the  inner  c o l l e c t o r  s tages ,  s ince  the  inner  s tages  

c l o s e s t  t o  the c i r c u i t  would be h o t t e s t .  

The e f f i c i ency  da ta  of Table X V I I  include a l s o  the  e f f i c i ency  f o r  the  

solenoid focused tubes and the e f f i c i ency  f o r  the  AM tubes, when the 

audio FM tubes and the  d r i v e r  tubes a r e  included i n  the  i n  the  calcu-  

l a t i o n  of system e f f i c i i i c y .  
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Table XVII Four stage collector operation for multivoltage 
jump taper designs. - 

2 GHz 

5.2 .kW 

lllllllc 

11 GH: 
5.1 kl 

14 

31.5 

LI_ 

I_ 

- a G H ~  

5.1 kW 

12 

26.1 

I 

850 MHz 
7.6 kW 

FREQUENCY 

OUTPUT POWER (kW) Pout 
16.0 13 Driver Section 

~ Potential (kV) vO 
~- 

31.4 29.1 V 
j 

Final Voltage Jump 
1 Potential (kV) 
(Above Ground) 

Optimum Collector 
Potential (kV) 
(Above ground) 

I 

20.9 22.5 

19.1 

16.3  

'0 

v1 

v2 

26.6 25.3 

22.2 

19.8 

5 . 3  

18.95 19.1 

15.75 13.1 v3 
1.31 1.45 

0 0 0 22 Collector Currents I 
j 

114 

100 

70 

14 

136 

12 5 

191 208 

143 

135 

19 

A=2 66 

48 

17 

28 A13 

a14 13 

0 72 0 0 

5 13 
- 
915 Thermal Collector 

load (watts) 10 10 

607 

720 

87 

450 

371 

403 

124 

414 pc2 327 

382 

13 7 

2 08 pc3 
133 pc4 

88% 90% 88% 85% 

I 

75% 

71.3% 

75.1% 
--- 

79.1% 
--- 

78.2% 

73 5% Efficiency with 

and audio FM tube 
. .  (estimated) 

67% 70% rl 



VI. FOCUSING AND BEAM OPTICS 

A ,  FOCUSIW 

The required focusing field for an electron beam increases with the space 

charge density of the beam and with the fraction of the magnetJc beam 
flux which penetrates the cathode surface. A magnetically shielded 

cathode will therefore permit focusing of the beam with the lbwest 
possible magnetic field. This type of focusing produces a beam flow 

defined as "Brillouin flow." On the other hand, the beam flow with 
magnetic cathode flux is defined as "confined flow*' or "immersed flow." 

Although confined flow requires a higher magnetic focusing field than 
does Brillouin flow, it is preferable when uniform magnetic focusing 
fields (such as those produced by solenoids) are available. This is 

because confined flow produces a stiffer beam which is less sensitive 
to focusing perturbations and RP defocusing effects.13 Confined flow 

f'ocusing is now generally applied to solenoid focused high power tubes. 
Very high quality beam focusing can be achieved with this method when 

the gun launching conditions into the focusing field are optimized, and 

when the focusing field is highly uniform. These focusing fields can be 

produced with foil solenoids of copper or aluminum. The transverse 

fields of these solenoids can be kept as small as a fraction of 1% of 
the axial fields. However, solenoids require electrical power and thus 

degrade the efficiency. They are usually larger and heavier than periodic 

permanent magnet focusing systems. 

Unlike uniform field focusing, periodic focusing will inherently produce 

a scalloping beam contour. The period of this be& scalloping is related 

to the focusing system period. 
a good focusing design, the magnitude of the scalloping beam ripples can 

be rather small, i.e., on the order of only a few percent of the mean beam 

With proper gun launching conditions, and 

diameter. Unlike uniform focusing systems, periodic focusing systems 



flow" f o r  t he  b e s t  focusing 

rb = a (i) 
I n  determining the  required focusing f i e l d  f o r  e i t h e r  a uniform or  
per iodic  focusing system, the beam condi t ions a t  s a t u r a t i o n  ( f u l l  RF' 
power) must be taken i n t o  a unt .  I n  t h i s  case,  the  beam i s  s t rongly  

bunched; i t s  cu r ren t  dens i ty  i s  therefore  s t rongly  increased l o c a l l y  -- 
15 genera l ly  by a f ac to r  of about th ree  compared t o  the  uniform dc beam . 

I n  addi t ion ,  the  average beam ve loc i ty  i s  considerably reduced as a 

r e s u l t  of the energy ex t r ac t ion  by t h e  amplified RF wave. The mean 

energy reduct ion of  the  spent  beam i s  proport ional  to:-the e l e c t r o n i c  

eff ic iency,and the  average beam bunch ve loc i ty  a t  the  output i s  

theref  o re  

with 

u = dc beam ve loc i ty  i n  d r i v e r  s ec t ion  

V 

Vo = dc beam p o t e n t i a l  i n  d r i v e r  section 

ql = e l e c t r o n i c  e f f i c i ency  a t  output  

0 
= dc beam p o t e n t i a l  a t  output 

j 



The local current density concentraction in the beam bunches and their 

velocity reduction will significantly Sncrease their space charge 

density (at least locally) in JiFbeams. In addition, the RF fields 

of the circuit wave produces perturbing radial fields, which cause 
beam focusing perturbations. Therefore, the RF focusing requirements 

are considerably more severe than those for the de beam. 
sys tem must , therefore, be desfgsed to meet the RF requirements. 

The focusing 

The magnitude of the focusing field is designed to produce a'beam 
diameter sufficiently small to take even strong RF defocusing effects 
into account. 

The PPM focusing design will therefore provide twice as large a peak 
focusing field B as for a dc beam, or 

1/2 
BO 

B = 2 (2) 

with Bo ''Brillouin" field, while the solenoid focused tubes will provide 
a uniform field of 

B = 2 B o  

with confined flow (Kc = . 8 5 ) .  With these field magnitudes the average 
beam diameter will only fill .6 of the circuit hole diameter 2 raJ even 

with RF defocusing, or 

and excellent beam transmission into the collector is then assured. 



The s t a b i l i t y  of the  per iodic  magnetic focus 

by the  bunching and energy e x t r a c t i o n  from the  beam wi th  very high e f f i -  

ciency. Therefore the  r a t i o ,  which determines the  s t a b i l i t y  margin, 

was chosen l a rge  enough with a value of 

g is also severely 

& >  4 L 

with (Figure 77) 

hp = plasma wavelength 

L = magnetic period 

t o  assure  s t a b l e  focusing with high efxficiencies. 

The focusing design f o r  PFM u t i l i z e s  the  coupled cav i ty  s t r u c t u r e  f o r  

the pole piece configurat ion,  Figure 76. The c lose  proximity of the  

pole pieces t o  the  beam assures  a very high q u a l i t y  PFM focusing system. 

It  requi res ,  however, a magnetic period L of twice the  cavi ty  period 

IC. 
harmonic of  the  axial  magnetic f i e l d  f o r  improved focusing. 

magnetic gap of the f e r r u l e  i s  thus l a rge r  than i t s  e l e c t r i c  gap. The 

electric gap i s  provided by copper spacers .  I n  addi t ion ,  the  f e r r u l e s  

and pole pieces a r e  co.pper cladded t o  provide adequate thermal conduc- 

t ion .  

The magnetic gap G i s  chosen t o  G = 2/3  lc t o  e l imina te  the t h i r d  

The 

The required magnetic f l u x  is ca l cu la t ed  by taking the  ex te rna l  and 

i n t e r n a l  leakage f l u x  between pole pieces and between f e r r u l e s  i n t o  

account. 

maximum f i e l d  B i n  the  pole pieces ( a t  R1) t o  

The thickness  of the pole  pieces tf is chosen to  l i m i t  the  

= 10,000 gauss Bmax 
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to avoid saturation effects, The required pole piece thickness has 

been listed in Table XIV. 

The required magnetic flux is to be provided with a conventional ring 

magnet (radius R - %). Several magnet materials have been considered: 1 

Ceramic magnetics ("Indox" ) 

Alnico 5 
Alnico 8 

Platinum-Cobalt (Pt - Co) 

For each tube a magnet material has been selected with provides the 

smallest magnet radius R2 for an assumed operating temperature of 

The chosen materials and the resultant magnet radii R 
jump cavities) are listed in Table XVIII. 

(for voltage 2 

The focusing design for the solenoid has been evaluated both foraluminum 

and for copper foil solenoids (with teflon insulation) for an operating 

temperature of 

A packing factor of the solenoid of 

.85 

was assumed. 
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A wrapped-on solenoid design is used to achieve a light weight and 

efficient solenoid design. 

the extruding voltage jump seals. 

optimized to provide a minimum effective solenoid weight W (Figure 45). 
This includes the weight for the solenoid Ws and for the solenoid power 
supply W , using the conversion factor 

The inner diameter D1 is then limited by 
The outer solenoid diameter D2 was 

ef f 

P 

100 lbs wt, 
1 kW power 

with 

P = solenoid power 
S 

and 

Weff = ws 4- w . 
P 

The resultant solenoid diameter D2) power P 

in Table XVIII. 
and weight are also given 

S ’  

B. GUN AND HEATER 

The cathode loading and the cathode life can be affected by the gun 
design. When a high cathode-to-beam area convergence is chosen, the 

cathode loading can be kept low. There are, however, design restric- 

tions on the choice of the gun area convergence ratio. This is because 
the electron-optical performance deteriorates with increasing area con- 

vergence ratios. This deterioration manifests itself in non-uniform 
cathode emission and in increasing non-laminarity of the beam in such 

a way that some electron trajectories are found to cross over each other. 
The focusing of such beams with translaminar trajectories is generally 

degraded. 
wich guns for high perveance beams. 

The design of high convergence guns becomes more difficult 



Good q u a l i t y  guns can r e a d i l y  be designed f o r  a r e a  convergence8 up 

t o  about 60 t o  80 wi th  moderate beam perveance (up t o  about h p ) .  

I n  these gun design cons idera t ions  t h e  vol tage  breakdown l i m i t a t i o n s  

which may occur a t  high voltgges,  have t o  be considered. 

The gun design follows w e l l  e s t ab l i shed  procedures, based on Pienee's' 

theory12 and empirical methods ( e l e c t r o l y t i c  tank, gun tester, t r a j e c m r y  

program). 

a low enough cu r ren t  dens i ty  i 

The beam area convergence r a t i o  has been chosen t o  achieve. 

a t  t he  cathode of 
C 

2 i < 500 mA/crn 
C 

t o  a s su re  long cathode l i f e  (20,000 hours minimum). 

To achieve long hea te r  l i f e ,  t he  hea te r  vo l tage  w a s  chosen r e l a t i v e l y  

low,i bu t  w i th in  the  present ly  a v a i l a b l e  hea te r  supply r egu la t ion  techni- 

ques. The requi red  h e a t e r  power as determined by the hea te r  e f f i c i ency ,  

defined as  

r ad ia t ed  power from cathode su r face  hea te r  e f f i c i e n c y  = 
h e a t e r  power 

The hea te r  e f f i c i e n c y  is known from empirical  da t a  t o  be for 

c o i l  hea t e r s  2 0% 

pancake hea te r s  3 0% 

The r ad ia t ed  power P 

cathode temperature T (OK) by: 

from the  cathode sur face  i s  r e l a t e d  t o  the requi red  R 
K 

= eT u "I+ 4 - To 4 
pR 



where 
- 12 2 0 -4 

(5 = 5.735 10 w a t t s / c m  / K 

e = ( emis s i t i v i ty )  f o r  oxide cathodes = .31 T 
f o r  tungsten cathodes = .18 

To (OK) = temperature of cathode environment 

The gun and hea te r  design p a r a t e r s  have been compiled i n  Table XIX. 

It can be seen t h a t  the  gun and h e a t e r  design w i l l  be capable of pro- 

viding r e l i a b l e  opera t ion  and long l i f e .  

i n  t he  gun is  w e l l  wi th in  s a f e  l i m i t s  (Ema, = 150 kV/cm). 

The maximum f i e l d  s t r eng th  

C. LAUNCHING CONDITIONS FOR THE GUN 

Good beam focusing can only be achieved when the  entrance condi t ions 

of the gun t r a j e c t o r i e s  i n t o  the  focusing f i e l d  a r e  optimized. 

It  i s  then possible ,  a t  l e a s t  i n  concept, t o  achieve a smooth be-am 

flow without r i p p l e s  with a uniform magnetic focusing f i e l d ,  and 

with very small beam r i p p l e s  of only a few percent  with PPN focusing. 

This i s  e spec ia l ly  important f o r  high e f f i c i ency  tubes where the  beam 

per turba t ions  due t o  RF defocusing become more s i g n i f i c a n t .  Good beam 

transmission i s  not only des i r ab le  f o r  e f f e c t i v e  depressed c o l l e c t o r  

operat ion,  bu t  a l s o  f o r  t he  thermal pro tec t ion  of the  slow wave s t r u c t u r e ,  

thus cont r ibu t ing  t o  the  tube r e l i a b i l i t y  and l i f e .  

The optimum beam launching condi t ions can be determined with a t r a j e c t o r y  

computer program, o r  a beam tester, but  i t  i s  a l s o  poss ib le  t o  es t imate  

these  launching condi t ions.  The optimum gun launching condi t ion i s  

genera l ly  found such t h a t  the  e l e c t r o s t a t i c  beam minimum pos i t i on  

2 (Figure 82) i s  located where the  magnetic f i e l d  has reached a min 
value of approximately 70% of i t s  maximum i n  the  i n t e r a c t i o n  region. 22 
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For confined flow the  pole piece hole  diameter d 

enough t o  provide the  des i r ed  amount of magnetic f l u x  Kc t o  the  cathode 

surface.  The magnetic cathode f l u x  K has been def ined as 

must a l s o  be l a rge  
P 

C 

where 

r = cathode rad ius  

r = dc  beam radius  

Bc = a x i a l  magnetic 

Bo = a x i a l  magnetic 

C 

0 

f i e l d  a t  cathode su r face  

i n  focusing region 

The estimated optimum gun launching condi t ions and pole piece hole  s i z e s  

f o r  t he  tubes have been l i s t e d  i n  Table XX. 
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Figure 82 Launching condi t ions f o r  gun. 
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VI1 COLLECTOR DESIGN 

A new approach for the design of the multistage collector has been used. 

This approach uses magnetic refocusing of the spent beam and transverse 
magnetic and electrostatic velocity sorting with electrostatic suppression 
of backstreaming secondaries, as described in Section IV. D. and illu- 
strated with Figures 39 ,  40 and 41. 

approach, however, analytical and experimental evaluations will be re- 
quired to establish this. 

This is considered an optfmum design 

In Section V. C. an estimate has been made on the optimum number of 
collector stages using the computed velocity spread of the spent beam 
and also considering the effects of space charge depression, velocity 

sorting deficiencies and backstreaming secondaries. It was found that 

the useful number of collector stages is primarily limited by velocity 

sorting deficiencies for given velocity spread conditions, such that 
for larger velocity sorting deficiencies the useful number of collector 

L stages (for efficiency improvement) becomes smaller. For this analysis 
it is assumed, that a fairly good sorting efficiency (q = 80%) can be 
achieved for the design of the multistage collector, even though the 

required design methods have not yet been developed. With this assump- 

tion the optimum number n of collector stages has been determined to 

S 

n = 4  

The collector design given here uses therefore four collector stages. 

The design of a multistage collector with the described configuration 

has to be based on a spent beam trajectory analysis. 

jectory analysis requires a general three dimensional (non-symmetric) 
computer trajectory program, which includes space charge effects, trans- 

verse fields and trajectory crossover and reversals. In addition the 

An accurate tra- 
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launching condi t ions  of t he  spent  beam a t  t h e  output have t o  be known 
with reasonable accuracy. Such a c o l l e c t o r  design a n a l y s i s  is p resen t ly  

not  y e t  ava i l ab le .  

The c o l l e c t o r  design given here i s  the re fo re  based on s impl i f i ed  methods 

t o  estimate t h e  spent beam c o l l e c t o r  t r a j e c t o r i e s .  

a number of s impl i fy ing  assumptions were made as follows: 

To make this poss ib le ,  

1. 

2. 

The magnetic r e focus ing  conf igu ra t ion  (Figure 39) achieves a 

laminar beam wi th  p a r a l l e l  t r a j e c t o r i e s .  Velocity s o r t i n g  

e r r o r s  o r i g i n a t i n g  from the i n i t i a l  beam t r a j e c t o r i e s  are 

then eliminated. 

The magnetic d e f l e c t i o n  f i e l d  i s  uniform over the  chosen 

d e f l e c t i o n  length  J m  (Figure 40) and f i e l d  edge e f f e c t s  are 

ignored. Under these conditions the magnetic d e f l e c t i o n  

f i e l d  could not  produce any v e l o c i t y  s o r t i n g  e r r o r s .  

choice of the i n i t i a l  d e f l e c t i o n  s t r e n g t h  a f f e c t s  the co l -  

l e c t o r  design i n  two ways: 

the t r ansve r se  k i n e t i c  energy of t h e  de f l ec t ed  e l e c t r o n s  i s  

increased. This reduces t h e  c o l l e c t o r  e f f i c i ency ,  s ince  the  

t ransverse  k i n e t i c  energy cannot be ex t r ac t ed  by a long i tud ina l  

dece le ra t ion  f i e l d .  A l a r g e r  i n i t i a l  d e f l e c t i o n  angle, on the  

o the r  hand, p e r m i t s  t o  des ign  a s h o r t e r  and smaller v e l o c i t y  

s o r t i n g  sec t ion  of the c o l l e c t o r ,  s ince  the dece le ra t ion  f i e l d  

can then be higher.  However, the power dens i ty  on the c o l l e c t o r  

e l ec t rodes  w i l l  then be l a r g e r .  

The 

with l a r g e r  d e f l e c t i o n  angles  

Therefore  a compromise i n  the  choice of t he  i n i t i a l  d e f l e c t i o n  

must be made t o  achieve good c o l l e c t o r  e f f i c i e n c y  wi th  a reason- 

a b l e  c o l l e c t o r  s i z e  and acceptable power d e n s i t i e s  on t h e  c o l l e c t o r .  
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3 .  

For the collector designs given here, the deflection angle was 

chosen to 

dr - = .2  
dz 

for the average energy electrons of the spent beam. This deflec- 

tion corresponds approximately to the magnitude of the radial RF 
defqcusing in the output coupler. This magnitude of the deflec- 

tion was found to result in reasonable collector dimensions. The 
collector (deceleration) length Lc was chosen large enough to 
keep the power density on the collector surfaces small enough 

(< 100 watts/cm ) .  
2 

The axial electrostatic deceleration field was assumed to be 

constant throughout the deceleration region, which starts at the 
termination point of the magnetic deflection field. 

is produced by a series of parallel and plane collector electrodes 

plus one additional deceleration electrode which are located at 

their respective equipotential positions. (Figure 41) .  Field 

perturbations caused by the collector apertures and in the trans- 
ition region at the beginning of the deceleration field are ignored. 

Such field perturbations may produce velocity sorting errors. 

The field 

4 .  The collector trajectories are calculated for each spent beam 

velocitytroup in two steps: First, the trajectories are de- 

termined without space charge. 
then applied to these electrostatic trajectories. 

static trajectories (parabolas) are readily obtained in a uniform 

deceleration field, when the launching slope is known. The space 
charge correction uses the paraxial beam spread curves Ar 

electron beam with space charge in a uniform deceleration field to 

correct the tilted electrostatic trajectories by Ar as indicated 

in Figure 83. 

A space charge correction is 
The electro- 

of an 
S 

s 
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CHARGE 

CHARGE 

Figure 83 Beam spread of tilted beam in electrostatic 
deceleration field with space charge correction. 

The space charge conditions are derived from the estimated RF beam 
current and the average beam velocity for each velocity group. 

Trajectories have been determined for the two extreme beam radii 
in the transverse direction and for the two beam radii perpendicular 

to the direction of deflection for each velocity group. These tra- 

jectories have been calculated for both the slowest and the fastest 

velocity in each velocity group. 
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5 .  The co l lector  apertures were determined from these trajectories  as 

follows : 

The col lector  apertures were made circular,  such that 

their  " le f t"  edge is l ined up with the "left" edge of 

the entering beam, as shown i n  Figure 84. 

1 1  

v4 t 

Figure 84 Schematic of four-stage co l lector  
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The c o l l e c t o r  a p e r t u r e  diameter (d )' are determined by the  "right" 

edge e l e c t r o n  t r a j e c t o r y  wi th  the slowest v e l o c i t y  i n  each v e l o c i t y  

group a s  shown i n  Figure 84. It was  found, t h a t  with these  assump- 

K 

t i o n s  the  f a s t e s t  ' f l e f t "  edge t r a j e c t o r y  of each v e l o c i t y  group 

was a l s o  in t e rcep ted  by i t s  r e spec t ive  c o l l e c t o r  e lec t rode ,  indica- 

t i n g  p e r f e c t  v e l o c i t y  s o r t i n g .  

The design da ta  f o r  t he  r e s u l t a n t  c o l l e c t o r  conf igura t ions  a r e  

l i s t e d  i n  Table XXI. These da t a  include an estimate of t he  thermal 

power dens i ty  on t h e  f i r s t  c o l l e c t o r  stage.  

These des ign  d a t a  w i l l  have t o  be modified wi th  a more accu ra t e  

c o l l e c t o r  t r a j e c t o r y  a n a l y s i s  based on r e a l i s t i c  spent beam launch- 

ing condi t ions .  Such .an ana lys i s  w i l . 1  a l s o  y i e l d  da t a  t o  eva lua te  

v e l o c i t y  s o r t i n g  de f i c i enc ie s ,  secondary backstreaming and the 

e f f e c t i v e  e f f i c i e n c y  improvement with the mul t i s tage  c o l l e c t o r .  
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V I I .  THERMAL DESIGN 

The tube w i l l  be mounted i n t o  a d i e l e c t r i c  hea t  p ipe  assembly as shown i n  

Figure 85. 

sec t ions  i s  considered: The gun assembly, t h e  c i r c u i t  assembly and the  

c o l l e c t o r  assembly. The con t r ibu t ion  of h e a t  generated i n  t h e  gun 

assembly i s  very  s m a l l  and can the re fo re  be neglected.  The thermal 

ana lys i s  of  t he  c i r c u i t  and the  c o l l e c t o r  follows. 

For t h e  purpose of thermal ana lys i s  t h e  hea t  flow of three 

The thermal ana lys i s  of t he  coupled c a v i t y  s t r u c t u r e  eva lua tes  and 

determines the  required copper c ladding of t h e  pole  p ieces  ( f o r  PPM 

focusing, Figure 76), o r  the  required c i r c u i t  w a l l  th ickness  ( f o r  

solenoid focusing) f o r  a spec i f i ed  maximum temperature grad ien t  AT 

between f e r r u l e s  and ou te r  su r f ace  of t h e  c i r c u i t  and f o r  a spec i f i ed  

maximum temperature T of  t he  f e r ru l e .  This provides information on a 

s u i t a b l e  opera t ing  temperature and f l u i d  material f o r  t h e  hea t  p ipe  

cool ing system. 

f 

The opera t ing  temperature and s i z e  of t h e  r a d i a t o r  are 

c then a l s o  determined. 

A. THERMAL CIRCUIT ANALYSIS 

For the  thermal c i r c u i t  ana lys i s  i t  is  assumed t h a t  a major p a r t  of t h e  

thermal loading i s  produced by beam in te rcept ion .  The c i r c u i t  l o s ses  are 

found t o  be small  compared t o  t h e  power produced by the  expected beam 

in t e rcep t ion  (Sect ion VA 4 ) .  The thermal con t r ibu t ion  from los ses  i s  

the re fo re  neglected i n  t h i s  ana lys i s .  It i s  assumed t h a t  t he  beam 

in t e rcep t ion  of each f e r r u l e  P i s  1% of the  dc beam power, o r  f 

Pf = .01 I O V O  

This assumption provides a considerable  s a f e t y  margin, s ince  t h e  t o t a l  

beam in t e rcep t ion  on t h e  c i r c u i t  i n  w e l l  focused high power tubes i s  

less than 3 t o  5%, even f o r  high e f f i c i e n c y  tubes. 

occurs near  the  output  end of t he  tube and i s  d i s t r i b u t e d  over several 
This i n t e rcep t ion  

cavities.  
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The thermal analysis of the circuit assumes radial heat flow from the 

ferrule to the outside of the tube. The heat path is divided into 6 

radial disc sections with changing thickness (Figure 86) such that the 

coupling slot is replaced by an equivalent (thinner) disc segment. 

The temperature gradient AT in each segment is given by: n 

where 
r outer radius of disc segment 
r inner radius of disc segment 
n 
n - 1. 

thermal conductivity of iron (for PPM focusing) 
thermal conductivity of copper 
thickness of ironin disc segment (for PIM focusing) 
thickness of copper in disc segment. 

Kf 

tf 
cu K 

t - tf 

The total temperature gradient AT between the inner ferrule surface and 

the outer vacuum barrel surface is therefore (Figure 86):  

6 AT = AT1 + AT2 + AT3 + AT4 + AT5 + AT 

The thickness of the copper cladding was adjusted to keep this tempera- 
ture gradient to less than 100°C or 

ATmax <, 100°C 

with the exception of the 850 MHz and 2 GHz tubes, where it was allowed 

to reach 150OC. 
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The computed da ta  f o r  AT a r e  l i s t e d  i n  Table XXII f o r  a l l  tubes.  

The required operati.ng temperature T of the  hea t  p i p e  f l u i d  a t  the  

f vacuum b a r r e l  sur face  i s  determined,when the  maximum temperature T 

a t  the f e r r u l e  i s  spec i f i ed .  It i s  given by 

B 

= Tf - AT - ATH TH 

where 

ATB = i n t e r f ace  temperature drop a t  b a r r e l  surface 

AT = temperature drop from cool ing surface (evaporation) 
t o  r a d i a t i n g  surface (condenser) i n  hea t  pipe. H 

The maximum temperature of  the  pole piece f e r r u l e  ( f o r  PPM focusing) 

has been spec i f i ed  t o  

(PPM) = 150OC. 
Tf max 

0 
This provides a s a fe ty  margin of more than 500 C aga ins t  des t ruc t ive  

overheating (Curie-temperature = 700 C). For solenoid focusing the  

maximum permissible  f e r r u l e  temperature has been spec i f ied  t o  

0 

(solenoid) = 20OOC. Tf max 

0 
This provides a s a fe ty  margin of more than 500 C aga ins t  des t ruc t ive  

overhe a t  ing . 

The r e s u l t a n t  maximum temperature grad ien ts  have been l i s t e d  i n  Table 

X X I I .  

With the chosen hea t  pipe temperature T the temperature of the  r a d i a t o r  

T i s  determined 
H 

r 

Tr = TH - AT, - AT r 
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with 

ATr = i n t e r f a c e  temperature drop a t  r a d i a t i n g  surface.  

The i n t e r f a c e  temperature grad ien ts  a t  the  hea t  pipe sur faces  AT and 

AT and the  temperature drop through the hea t  p i p e  AT a r e  small com- 

pared t o  the  temperature grad ien t  i n  the  c i r c u i t .  Their  magnitude i s  

i n  the  order  of ATB + ATr + AT 

B 

r H 

10' t o  2OoC. H X  

With the  known r a d i a t o r  temperature T and the  known d i s s ipa t ed  power 

*r 

r 

= Po (1  - 7 )  + Ps 'r 

w i t h  

P = a p p l i e d  dc power t o  the  tube 

7 = tube e f f i c i ency  

P =so leno id  power ( f o r  solenoid focusing) 

0 

S 

the  required working f l u i d  of the hea t  p i p e  can be determined. These 

da t a  a r e  a l s o  shown i n  Table XXII. 

B. COLLECTOR COOLING 

Figure 87 shows schematically the  heat  pipe cooled c o l l e c t o r  assembly. 

The c o l l e c t o r  p l a t e s  a r e  extended outs ide  the vacuum envelope by ORt t o  

provide adequate hea t  t r a n s f e r  a reas  f o r  heat  p i p e  cooling. The extension 

OR was chosen t o  provide adequate hea t  t r a n s f e r  a rea  f o r  the  t o t a l  thermal 

c o l l e c t o r  power on one co l l ec to r .  
t 





The power density for heat pipes with organic fluids is generally 

chosen ai 60 watts/in ( 9 . 3  watts/cm ). 2 2 

The required extention AR is then found: 
t 

- -Q 
&t , 2a dk (PD) 

dk = collector diameter 

Q = power absorbed by the collector 
PD = average power density of working fluid. 

The collector disc extentions and the vacuum envelopes are covered 

with wick material of .100in ( .254 em) thickness. It was found in 
experiments with dielectric heat pipe wicks, that the evaporator 

wick thickness should not exceed .200 in (.508 cm) to prevent localized 

film boiling. A wick thickness for the evaporator of .050 in to . lo0 in 

lwas found to be most satisfactory. Wicks for the condenser will be 

single layer refrasil .050 in (.127 cm) thick., The radial wick spoke 
length Rw can be calculated from the expressions: 

- 2 y cos0 
r APc - 
C 

APc = AI?’ + AP 
V 
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R =wick spoke length between evaporatoa.ana condenser (cm) 
W 

AP = 
C 

mg = 

Llpv - 

E t  - 

nc - 
Q =  

- 
A H =  

- 
- 

- 
dk - 
u =  

n =  

A =  

Cf = 

r =  

P =  

Y =  

W 

C 

e =  

capillary driving pressure 
pressure drop in liquid flow 

pressure drop in vapor flow 

latent heat of vaporization (cal/g) 
thickness of collector plate (cm) 

number of collectors 
heat flow (cal/sec) 

collector diameter (cm) 

kinematic viscosity (cm /sec) 

number of wicks 
wick cross-sectional area (cm ) 

wick factor for refrasil, .4 to . 5  

pore radius (cm) 
vapor density (g/cm ) 

surface tension (dynes/cm) 

wetting angle (degrees). 

2 

2 

3 

L The condenser surface ofthe dielectric heat pipe is an integral part 

of the demountable tube package. The package envelope will therefore 
serve as condenser for the tube (dielectric heat pipe), and it will 

also serve as an evaporator for the radiator heat pipe system to the 
outside. This heat pipe system is an integral part of the spacecraft. 

C. SPACECRAFT COOLING SYSTEM 

Two specific configurations, the "dual panel RF joint concept" (Figure 88 ) 

and the "quad panel slip ring concept" (Figure 89 ) have been 'suggested 

by NASA and have been considered for a heat pipe design. These two 
configurations differ primarily in their attitude toward the sun. The 

"dual panel RF joint concept" is stationary with respect to the sun, 

while thg'quad panel slip ring concept" rotates with respect to the 

sun with one revolution per day. 
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Figure 88 Spacecraft design using dual 

panel RF joint concept, 



in 

Figure $7 Spacecraft design with quad panel slip-ringrconcept. 
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For the  "dual panel RF j o i n t  concept" only the  spacecraf t  surfaces ,  

which are not  exposed t o  the s u q a r e  ava i l ab le  f o r  hea t  r ad ia t ion .  

The r o t a t i n g  ''quad panel s l i p  r i n g  concept", on the  o the r  hand, 

permits the app l i ca t ion  of one-way hea t  pipes  i n  the  outer  space- 

c r a f t  system and a very l a rge  por t ion  o f t h e  spacecraf t  envelope 

can be made ava i l ab le  f o r  hea t  r ad ia t ion ,  s ince  the  one-way hea t  

pipes w i l l  e f f e c t i v e l y  sh i e ld  the  spacecraf t  i n t e r i o r  aga ins t  sun 

r ad ia t ion .  

A ca lcu la t ion  of the  ava i l ab le  r a d i a t o r  surfaces  shows t h a t  these 

sur faces  indeed p e r m i t  a hea t  p i p e  operat ion a t  very low temperatures. 

The "dual panel RF j o i n t  concept!'permits r a d i a t o r  and hea t  pipe 

temperatures T i n  the  order  of R 

T w 12OoC r 

while the super ior  one way heat  p i p e  system of the "quad panel s l i p  

i r i n g  concept" may be  operated a s  low a s  

TR w 8OoC. 

I n  both configurat ions the cooling system was conceived a s  an i n t e g r a l  

p a r t  of the  spacecraf t ,  such t h a t  a p a r t  of the  spacecraf t  sk in  serves  

a s  a hea t  r ad ia to r .  This approach p e r m i t s  t o  design a cooling system 

f o r  low temperature operat ion without s i g n i f i c a n t  weight increase.  

Of the  two a l t e r n a t e  configurat ions the  "quad panel s l i p  ring" concept 

was proposed f o r  the  cooling system design, because i t  provides a 

l a rge r  e f f e c t i v e  r a d i a t o r  a rea  and thus permits lower operat ing tempera- 

tu re .  A schematic of t h i s  spacecraf t  configurat ion i n  o r b i t  i s  shown 

i n  Figure 90. 

The cooling system cons i s t s  of 3 hea t  pipe s tages ,  a s  shown schematically 

i n  Figure 91. 
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SPACE C RAFT 

Figure 91 Schematic of heat pipe cooling system. 
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The tube i s  enclosed i n  a d i e l e c t r i c  hea t  pipe system. This makes it 

poss ib l e  t o  achieve a very e f f e c t i v e  h e a t  t r a n s f e r  from a l l  tube sur-  

faces  with d i f f e r e n t  electric p o t e n t i a l s  t o  the  d i s t r i b u t o r  heat pipe. 

The d i e l e c t r i c  hea t  pipe f l u i d  i s  an electric i n s u l a t o r  and, therefore ,  

a more e f f i c i e n t  hea t  t r a n s f e r  i s  achieved from the  tube than would be 
poss ib le  through ceramic in su la to r s .  

The d i s t r i b u t o r  hea t  pi.pe t r a n s f e r s  the  hea t  t o  the  mul t ip le  one-way 

hea t  pipes.  From these,  the  hea t  i s  dumped i n t o  the  r a d i a t o r  sur faces  

of the spacecraf t  sk in .  

The one-way hea t  pipes automatical ly  tu rn  of f  the  hea t  flow t o  those 

r a d i a t o r  panels, which are exposed t o  the  sun and thus cannot r ad ia t e .  

This makes i t  poss ib le  t o  provide a l a r g e r  r a d i a t o r  area,although a 

f r a c t i o n  of the  increased area  is  temporarily not  i n  operation. This 

one way cool ing system provides an abundance of hea t  t r a n s f e r  paths 

and thus can be considered more r e l i a b l e .  The system i s  r a t h e r  l a rge  

i n  s i z e  and the hea t  flow d e n s i t i e s  are ,  therefore ,  very low. These 

estimated h e a t  flow d e n s i t i e s  a r e  s u b s t a n t i a l l y  lower than the  es tab-  

l i shed  hea t  flow c a p a b i l i t i e s  of such hea t  pipe systems. This also 

w i l l  con t r ibu te  t o  a high r e l i a b i l i t y  of the design. 

The estimated power flow d e n s i t i e s  and average r a d i a t o r  temperatures 

f o r  these  systems are: 

AVERAGE RADIATOR 
TEMPERATURE 
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The will vary during one period 
(24 hours) due to the change of exposure to the sun and due to the 
directional changes of the heat flow in the one way heat pipes. 

These periodic temperature variations have been evaluated for the 
proposed spacecraft configuration. 

In this analysis each of the panels have been considered as being 

isolated thermally from each other. 

The geometry of the spacecraft (Figure 90) suggests to consider two 

types of panels: 

i)panels never exposed to the sun 

ii) panels periodically exposed to the sun 

The periodically exposed panels go through the following four thermal 

conditions in one period (Figure 90): 

1)One way heat pipe: operating; sun exposure sets in Region A ( A ' )  

?)One way heat pipe: o f f ;  continuous sun exposure Region B(B') 

3)One way heat pipe: operating; sun exposure ends Region A'(A)  

4)One way heat pipe: operating; no sun exposure Reg ionB ' (B) 

The resulting temperature variations are shown in Figure 92 for a 5 kW 

system. 

The one way heat pipes are automatically activated and inactivated by 

the sun exposure, and thus they protect the spacecraft cooling system 

against an excessive thermal load from the sun. Only during their 

turn-off period is  there a small amount of heat being absorbed by the 

system from the sun. This causes only a small temperature increase of 
5 to 10 of the radiation temperature (at t = 7 to 8.5 hours and t = 19 
to 20.5 hours). 

0 0 
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The turn-off  (on) t i m e  of t he  one way hea t  pipes  (angle  8 

i s  given by the  condi t ion  t h a t  the  sun absorp t ion  becomes equal  t o  the  

h e a t  r ad ia t ion ,  o r  

of F igurego)  T 

4 Sa cos 8 = e o  ‘r 
S 

where : 

S = s o l a r  constant  

= abso rp t iv i ty  
2 as 

S a s  = .135 W/cm 

cos p= pro jec t ion  of sur face  t o  sun 

e = .92 (emiss iv i ty)  

ci = Stephan-Boltzmann constant  

The p ro jec t ion  angle  0 i s  r e l a t e d  to the angle 9 of t he  space c r a f t  

a x i s  t o  the sun by (Figure 92): 

B = 2  fi (panel 1 and 5)  

0 = 8 (panel 3 and 7) 

(panel 2 ,  4 ,  6, and 8) p = e + & -  3i 

After  the one-way hea t  p i p e s  a r e  turned o f f ,  the  panels continue t o  

absorb sun r a d i a t i o n  and t h e i r  temperature i s  given by the  condition: 

The maximum temperature increase  

f o r  the 5 kW system, are found t o  range from (Figure 92) 

of these panels during t h i s  period, 

= llO°C (panel 3 and 7 )  
max AT 

and 

ATmax= 75  0 C. (panel 2 ,  4 ,  6 ,  and 8) 

209 



Although the effective radiation area is reduced during the period B (B'), 
the radiation temperature increase from that of period A (A')  is very 

small (not shown in Figure 92). 

A shut-off and on cycle of 1.5 hours duration has been specified during 
one period (24 hours). The temperature variations of the cooling system 

during this operation have, therefore, been estimated. 

During the turn-off period of radiation the temperature of the panels is 

described by the equation: 

4 dT = A eaT 'th dt 

where 
A = area of radiation surfaces 
Cth = thermal capacitance of spacecraft 

' where 

and 
W = weight of material 

c = specific heat of material. 
P 

The temperatures of the 
ture gradients produced 

temperature limit T I; 

TL w 25OC (room 

heat pipe system are given by the small tempera- 
in the heat pipe system. However, at a lower 

temperature) 

the heat pipes become inoperative and the heat transfer from the inner 

heat transfer surfaces to the external radiators is primarily by radiation. 



For each r a d i a t i o n  hea t  t r a n s f e r  a temperature g rad ien t  w i l l  be produced. 

This temperature grad ien t ,  hawever, i s  found t o  be small .  

The r e s u l t a n t  temperature v a r i a t i o n s  of  the spacecraf t  during the  shut-  

o f f  t i m e  are shown i n  Figure 93. I n  Figure 94 t he  temperature drop 

i s  shown f o r  an extended shut-off  period. It  can be seen t h a t  the 

temperature of the  spacecraf t  drops so  rap id ly  a f t e r  shut-off  t h a t  

the hea t  pipes become inopera t ive  a f t e r  only a few minutes of the  turn-  

o f f .  A t  the  end of the turn-off  period, the temperature of t he  r ad ia t ion  

panels has dropped t o  about 

T w - 1 7 3 O C  min 

0 while the  spacec ra f t  system has cooled down t o  near ly-148 C. 

The t o t a l  temperature v a r i a t i o n  AT of the  spacecraf t  during one 

period is ,  therefore ,  only about 
max 

AT - 2OO0C max 

including the turn-off period. This temperature v a r i a t i o n  w i l l  keep 

thermal stresses r e l a t i v e l y  small. The maximum temperature g rad ien t  

AT wi th in  the  cool ing system a t  any t i m e i s  only about T 25OC. 
S S 

During most o f  the shut -of f  period the hea t  p i p e  f l u i d s  w i l l  be frozen. 

However, immediately a f t e r  turn-on the hea t  p i p e s  w i l l  s t a r t  t o  funct ion.  

The tube hea t  b . 1 1 1 3 -  primari ly  be used t o  m e l t  t he  hea t  pipe f lu ids , s ince  

the evaporacion hea t  of these f l u i d s  i s  much l a r g e r  than t h e i r  melting 

heat .  The opera t iona l  temperatures of the cool ing system i s  reached 

very r ap id ly  a f t e r  turn-on (Figure 93).  
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In Figure 95, a schematic o f  the spacecraft cooling system assembly is 

shown. This schematic shows the advantages of the proposed three-stage 

cooling system. 

assembled as a separate unit, and the tube performance, including its 

heat transfer characteristics, can readily be evaluated outside the 

spacecraft. 

The tube with the dielectric heat pipe is built and 

The disturbutor heat pipe and the one-way heat pipes are an integral 

part of the spacecraft. 

with a final weld. 

The assembly of both parts is accomplished 



WELD 
FLANGE 

- DIELECTRIC 
HEAT PIPE 

DI'ELECTRIC 
WICK 

TWT ' 1 
01 STRl BUTOR 

.ka 

TUBE ASSEMBLY 

DISTRIBUTOR 

SPACE CRAFT 
AS S E M BLY 

HEAT PIPE 

WELD 

1 

FINAL ASSEMBLY 

Figure 95 Schematic of distributor heat pipe 
system assembly. 

2 15 



IX. MECHANfCAL DESIGN 

A. CIRCUIT CONSTRUCTION 

I n  t h i s  s e c t i o n  some of the  d e t a i l s  of the  mechanical designs t h a t  

a r e  pecu l i a r  t o  the  proposed high power traveling-wave tubes f o r  

t h i s  space app l i ca t ion  w i l l  be out l ined.  The coupled cav i ty  in te r -  
a c t i o n  c i r c u i t  was chosen. A t  the  power l e v e l s  and bandwidths r e -  

quired,  it provides a high impedance, which i s  d e s i r a b l e  f o r  the  

requirements of high e f f i c i ency  and high ga in  p e r  u n i t  length.  

i s  a l s o  a super ior  c i r c u i t  fromthe s tandpoint  of d i s s i p a t i n g  the  

hea t  which i s  generated by in te rcepted  beam power. Since the  

vacuum envelope can be constructed e n t i r e l y  of metal and ceramic 

mater ia l s ,  high temperature processing techniques are poss ib le  with 

a coupled cav i ty  tube to assure  improved l i f e  and r e l i a b i l i t y .  

Complete c i r c u i t  subassemblies from typ ica l  coupled cav i ty  tubes a r e  

shown i n  Figure 96, 

It 

These a r e  X-band tubes incorporat ing PPM focusing. For t h i s  type of 

tube the  cav i ty  w a l l s  a r e  made of i ron  t o  serve as magnetic pole  pieces.  

They a r e  the  larger diameter port ion of the  c i r c u i t .  The pole p ieces .  

a r e  copper p la ted  t o  f a c i l i t a t e  brazing of the assembly. The outer  

diameter w a l l  of the  coupled cav i ty  i s  made of copper which i s  brazed 

between the  pole pieces  and serves t o  complete the vacuum envelope. 

The input and output RF match assemblies a r e  located a t  each end. On 

the tubes shown the  coupler i s  connected t o  a reduced height  waveguide 

and then through a s t e p  transformer t o  a "poker chip" ceramic waveguide 

window. These a r e  high gain tubes (approximately 50 d B ) ,  which incor-  

porate  i n t e r n a l  c i r c u i t  severs  with matched terminat ions t o  d iv ide  

the  c i r c u i t  i n t o  separa te  s ec t ions  t o  assure s t a b i l i t y .  The f i n a l  

2 1 6  



assembly of the circuits shown is made in a controlled atmosphere 
furnace using a high temperature copper-gold brazing material between 

each circuit element. The vacuum assembly is completed by connecting 

the circuit with the electron gun and the beam collector by heliarc 

welding. 

Figure 96 Typical coupled cavity circuit assemblies for periodic 
permanent magnet focused X-band tubes. 
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The magnets a r e  s p l & t  r i n g s  and are mounted on the  tube a f t e r  the  

processing has been completed. 

envelope. C i r c u i t  p a r t s  from a typ ica l  Ku-band tube are shown i n  

Figure 97, 

The two holes  through the  l a r g e r  pole pieces  are used f o r  alignment 

and t o  provide coolant  pipes  i n  the tubes. 

They are not  p a r t  of  the  vacuum 

The dark h a l f  r i n g  pieces a r e  the Alnico focusing magnets, 

Figures 98 and 99'show t y p i c a l  p a r t s  f o r  coupler assembly of a 

coupled cav i ty  tube wi th  solenoid focusing. 

only copper f o r  the  c i r c u i t ,  y i e ld ing  exce l l en t  thermal conduct ivi ty  

as w e l l  as low e l e c t r i c a l  loss .  The RF match between the  c i r c u i t  and 

This type o f  tube uses  

the  ex te rna l  waveguide i s  optimized by ad jus t ing  the  dimensions of  the 

stepped coupler cav i ty .  The four  holes  near the  outer  edge of t he  cir-  

c u i t  provide alignment during assembly and a l s o  coolant  passages 

f o r  forced l i qu id  cool ing i n  operat ion.  The input  waveguide i s  bent 

t o  f a c i l i t a t e  mounting i n  the solenoid.  

ou ter  diameter of the  c i r c u i t  are provided t o  mount the  waveguide. I n  

the  proposed tubes with solenoid focusing, the  solenoids  w i l l  be wrapped 

d i r e c t l y  onto the  c i r c u i t ,  which w i l l  r e s u l t  i n  a much smaller and l i g h t e r  

The rec tangular  cu touts  a t  the  

package and a more e f f i c i e n t  solenoid.  

s i m i l a r  t o  a typ ica l  PPM focused design r a t h e r  than the  usual  solenoid 

focused coupled cav i ty  tube. 

The f i n a l  tube design w i l l  be 

. , . . .  

. .  
i 

, . , ,  . 

.~ 
. .  

Figure 97 Typical c i r c u i t  p a r t s  for  a PPM focused 
coupled cav i ty  tube. 
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Figure 98 Typical c i r c u i t  p a r t s  of solenoid focused coupled 
c a v i t y  tube. 

Figure 99 Typical waveguide coupler p a r t s  f o r  solenoid 
focused coupled c a v i t y  tube, 
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Parts for a typical sever termination assembly are shown in Figure 100. 

These are parts from a PPM focused Kti-band tube. The sever consists 

of a cavity web with the kidney-shaped coupling hole eliminated. 

RF circuit wave is, therefore, completely blocked from the following 
circuit section. The termination at the sever is provided by a wedge 

shaped piece of a lossy ceramic material. This material is specially 

designed to operate at high temperatures and to provide the proper 
dielectric and loss properties required to produce a satisfactory 
termination. It may be brazed to the cavity wall for high power 
dissipation. The dimensions of the termination itself and of the 

termination cavity are chosen to provide a good RF match to the 

circuit . 

The 

Figure 208 Typical sever transition components for 
coupled cavity tube. 



B. GUN CONSTRUCTION 

A t yp ica l  shadow g r i d  e l ec t ron  gun .assembly and i t s  anode are shown 

i n  Figure 101. The anode and the  focus e lec t rode ,  which is, the  element 

a t  the  end of the gun assembly ,with e i g h t  c i r c u l a r l y  located holes ,  a r e  

fabr ica ted  of highly pol ished molybdenum. Beyond the focus e l ec t rode  

a p a i r  of p rec i se ly  al igned t a r g e t  g r ids  can be seen. 

serves  as a con t ro l  element. The lower one i s  the  shadow g r id  which i s  

located very c lose  t o  the  cathode. It  sh ie lds  the  con t ro l  g r id  from 

e l ec t ron  in te rcept ion .  This double g r i d  technique provides extremely 

low g r id  cur ren t  i n t e rcep t ion  (of the  order  of one-tenth of i% of the  

t o t a l  beam curren t )  and consequently resu l t s  i n  long g r id  l i f e  and r e -  

l i a b i l i t y .  The shadow g r i d  technique i s  proposed t o  allow modulation 

of the beam i n  the traveling-wave tube modulator f o r  AM s igna ls .  

The t,op g r id  

Figure 101 

Typical shadow g r i d  
e l ec t ron  gun assembly. 
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The outer stem assembly of the electron gun is made by a single high 

temperature braze of a stacked set of alternating alumina ceramic 

standoffs and kovar rings. The internal gun stem assemblies are welded 

to the internal flanges of the kovar rings. 

as a weld flange to attach the completed electron gun to the body of 
the tube. 

tube body,so that a small positive potential can be applied to it to 

serve as an ion .trap. For that case, the gun stem will have one more 

insulator ring than is shown in the photograph, and the anode will be - 

sealed to it. 

The ring at the end serves 

For the proposed tubes the anode will be isolated from the 

For the FM tubes, grid modulation will not be required. 
gun construction will be similar, except for the omission of the 
grid components. 

The basic 

C. SPECIAL DESIGN REQUIREMENTS 

L The preceeding paragraphs have outlined the basic mechanical features 

of typical high power coupled cavity traveling-wave tubes that have 
been developed in the past. 
novel approaches in some of the construction details. 

areas are as follows: 

The proposed application will require 

The major 

1. A heat pipe coolant system is used. In the past,coupled cavity 
tubes have usually been cooled by forced liquid flowing through 

a series of ducts distributed through the tube body and collector. 

Heat pipe techniques have recently been applied to tube elements 
such as the collector. However, the proposed application will 

cool the entire tube. 

primarily changes in the outer packaging of the tube. However, 
the construction techniques for fabricating the vacuum envelope 
will not be different from that for conventional cooling. 

The heat pipe cooling system requires 
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vol tage  and a l s o  providing a mechanically s t rong  v 
Figure 102 shows a c ros s - sec t iona l  layout  sketch of an i 

assembly designed f o r  PEN focused tubes,  The i n s u l a t o r  

i s  similar t o  one sec t ion  of an e l e c t r o n  gun ceramic i n s u l a t o r  

assembly. It  c o n s i s t s  of the dc block ceramic r'ing between a 

p a i r  of kovar weld f lange r ings  with metalized back-up ceramic 

r ings .  The back-up ceramic r ings  provide g r e a t e r  s t r eng th  and 

r e l i a b i l i t y  of the  metal t o  ceramic sea l .  High pu r i ty  alumina 

ceramic w i l l  be used. This ma te r i a l  has good mechanical and elec- 

t r i c a l  p rope r t i e s .  To prevent RF r a d i a t i o n  an RF choke i s  in-  

corporated wi th in  the cav i ty  s t r u c t u r e .  

r i n g  which has a high d i e l e c t r i c  constant ,  i n s i d e  the choke groove 

a s  w e l l  as f o r  the dc block in su la to r ,  provides high d i e l e c t r i c  

loading and p e r m i t s  therefore  a small choke assembly design. The 

f i n a l  assembly of a series of vol tage jump c a v i t i e s  i s  made by 

means of a per iphera l  weld between the ceramic assembly weld 

f lange  and the  outer  edge of the  i r o n  pole piece. The ou te r  

diameter of the pole piece i s  stepped, as shown i n  Figure 102,. 

t o  provide thermal i s o l a t i o n  during the welding opera t ion  and t o  

loca t e  the s p l i t  r i n g  pole piece extension which i s  i n s t a l l e d  

a f t e r  processing of the  vacuum assembly. In su la t ion  material 

such as t e f l o n  i s  i n s t a l l e d  between the focusing magnet and the 

adjacent  pole piece which i s  a t  a higher  po ten t i a l .  Electrical  

The use of an alumina 

8 

e c t i o n  t o  the ind iv idua l  c i r c u i t  s ec t ion  can be made 

g a lead t o  the  c i  s t r i n g i n g  i t  through a 

groove i n  the pole  piece ex  the  outs ide  of the tube 

package. 
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Solenoid focusing i s  proposed f o r  t he  h igher  frequency tubes.  

Because the  space i s  more l imi t ed  than on the  l a r g e r  lower f r e -  

quency tubes,  and because i r o n  pole  p i eces  webs w i l l  n o t  be used, 

a vol tage  jump i n s u l a t o r  assembly as  shown i n  Figure 103 w i l l  be 

used. The ceramic i n s u l a t o r  assembly i s  s imilar  t o  t h a t  described 

above; however, the  weld f lange  i s  arranged so  t h a t  t he  f i n a l  pe r i -  

phera l  weld can be made between successive f langes .  The copper 

c i r c u i t  c a v i t y  sec t ions  a r e  located r a d i a l l y  between the  success ive ly  

stacked i n s u l a t o r  assemblies. 

be a wick of the  hea t  pipe coolan t  s y s t e 4 t h r o u g h  which the  dc 

A s p l i t  i n s u l a t o r  tub ing .  ( t h i s  can 

leads  t o  the  ind iv idua l  cav i ty  sec t ions  can be run, i s  placed 

around the  assembly c i r c u i t .  The solenoid p i e s  a r e  then wrapped 

around t h i s  tubing. These solenoid windings must be a x i a l l y  

a l igned  with the  ind iv idua l  c a v i t i e s .  

With the vol tage  jump e f f i c i e n c y  enhancement technique, the  output 

coupler s ec t ion  i s  genera l ly  operated a t  an  e leva ted  vol tage  above 

ground. Therefore, the output s e c t i o n  must be e l e c t r i c a l l y  i s o l a t e d  

from the  body,and a d e  block m u s t  be incorporated i n  the  output wave- 

guide l i n e .  

The t r a n s i t i o n  between the  RF in t e rac t i cn  c i r c u i t  and the  ex te rna l  

waveguide c o n s i s t s  usua l ly  of a reduced he igh t  waveguide wi th  a s t e p  

transformer. The narrow bandwidths of the  proposed tubes w i l l  

p e r m i t  a qua r t e r  wavelength rec tangular  block window i n  conjunction 

with an abrupt s t e p  i n  waveguide he ight  f o r  a good match over the  

required bandwidth. The window i s  metalized on t h e  periphery and 

brazed t o  the in s ide  of the  waveguide t o  complete the  vacuum 

envelope. To form the dc block, an i n s u l a t o r  assembly incorpora t ing  

an RF choke, s i m i l a r  t o  the ones described above f o r  t h e  vol tage  

jump c i r c u i t  s ec t ions ,  w i l l  be welded on t o  the  window assembly 

as shown i n  Figure 104. The output end of t h i s  f lange w i l l  m a t e  

d i r e c t l y  t o  a standard waveguide f lange f o r  t he  frequency band 

of the  tube. 

A poss ib l e  output waveguide assembly i s  shown i n  Figure 104. 
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Figure Voltage jump insulator assembly for solenoid 
focused tube. 
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If a coaxia l  l i n e  i s  t o  be used on the  lower frequency tubes, s imi l a r  

considerat ions can be taken t o  provide a cqaxia l  vgcpum window coupler 

and dc block. 

3 .  A m u l t i  stage depressed ~011-wi l l  be used on the proposed 

tubes.  The e l ec t r i ca l ,  parameters o f  t h i s  unique c o l l e c t o r  were 

described i n  the  e l e c t r i c a l  design sec t ion  f o r  each p f  the d i f -  

f e r e n t  tubes. A schematic of the  mechanical layout of the  co l -  

l e c t o r  f o r  the  S-band tube i s  presented i n  FigurelO5. 

design cons i s t s  of a s e r i e s  of copper d i s c s  with t ransverse ly  

displaced cen te r  hples of gradual ly  increas ing  diameter proceeding 

i n  the d i r e c t i o n  of beam t r a v e l .  The d i s c s  a re  operated a t  

successively lower p o t e n t i a l s  to optimally c o l l e c t  v e l o c i t y  groups 

of the spent beam e lec t rons .  

of ceramic in su la t ing  r i n g s ,  Each insulator r ing  i s  part o f  a 

brazed i n s u l a t o r  and weld Elange asserqbly s imi l a r  t g  those 

used i n  the  e l ec t ron  gun stem and the c i r c u i t  vo l tage  jump in su la to r s .  

Each c o l l e c t o r  d i s c  a l s o  w i l l  have a weld f lange brazed t o  bpth 

s ides .  

the s e r i e s  of per iphera l  weld f langes o f  the sucqeeding collccfclr  

d i s c  and i n s u l a t o r  ansembly. The c o l l e c t o r  i s  at tached t o  the 

c i r c u i t  outpsrt f lange by a s imi l a r  weld. 

The bas i c  

The d i s c s  a r e  separated by a s e r i e s  

The f i n a l  assembly of the c o l l e c t o r  i s  made by welding 

After  the  f a b r i c a t i o n  of the  subassemblies of the vacuum envelape has 

been completed, the tube i s  mounted i n  i t s  ex te rna l  package and 

in tegra ted  with the  hea t  p i p e  cooling sec t ion  as described i n  the  

sec t ion  on thermal design. 

and e l e c t r i c a l  i n su la t ion  for the  var ious vol tage elements, the  

package w i l l  be s t u r d i l y  designed t o  support the  tube and i t s  tube cnm- 

ponentes t o  withstand the  s t r i n g e n t  requirements of shock and vibra-  

t i o n  assoc ia ted  with the  launch and space environments. 

I n  add i t ion  t o  providing proper cooling 
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X.  LONG LIFE DESIGN 

A. TUBE LIFE 

The l i f e  of properly designed vacuum tubes i s  l imi ted  by the  wear-out 

t i m e  of the  cathode. The cathode of long l i f e  tubes must therefore  be 

designed f o r  long l i f e  opera t ion  and it must be pro tec ted  during i t s  

l i f e  aga ins t  damages. 

bombardment, i f  the  tube vacuum i s  inadequate and r e s idua l  gases are 
present  i n s ide  the  tube. The gases  are ionized e i t h e r  by the elec- 
t ron  beam o r  by acc identa l  discharges.  Such damages can be avoided 

as long as an adequately low pressure  is  maintained in s ide  the  tube 

during i t s  l i f e  by ion t r a p s  and pumps. Only materials with very low out-  
gassing rates can therefore  be used. All materials and components 

The cathode can be damaged pr imar i ly  by ion  

mus t  c a r e f u l l y  be outgassed during the  processing by w e l l  e s t ab l i shed  

cleaning,  outgassing and bake out  procedures a t  high temperatures. 

During the operat ion,  however, the  tube temperature must be as low as 

poss ib le  i n  order  t o  keep the  outgassing rate s m a l l .  

therefore ,  be designed so t h a t  the  thermal loading (power dens i ty)  of 

any tube component i s  kept s m a l l  i n  operat ion.  I n  addi t ion ,  the  oper- 

a t i n g  temperatilre of the  cool ing system should be chosen as l o w  a s  

possible .  

The tube should, 

These requirements become more c r i t i c a l  f o r  high power tubes. 

thermal loading i s  l i k e l y  t o  be higher  with r e s u l t a n t  higher  l o c a l  

temperatures. I n  addi t ion ,  the  higher  vol tages  f o r  such tubes are 

l i k e l y  t o  increase the ion iza t ion  r a t e  and the  k i n e t i c  energy of the  

ion  bombardment becomes l a rge r  and thus more des t ruc t ive .  

The loca l  

The tubes have, therefore ,  been designed with a hea t  pipe cool ing 

system, which opera tes  a t  r a t h e r  l o w  temperatures. 
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The major p a r t  of t he  the r  s i n  the  c o l l e c t o r .  A 

l a rge  s i z e  c o l l e c t o r  geome chosen t o  a s  

power d e n s i t i e s  a t  the  c o l l e c t o r  sur faces .  

The slow wave s t r u c t u r e  (coupled c a v i t y  c i r c u i t )  i s  a l s o  

thermal loading p r imar i ly  due t o  some elec 

in t e rcep t ion  can be minimized by a c a r e f u l  

and by the  choice of a comparatively small 

t o  the  beam hole  s ize .  The tubes have the re fo re  been designed wi th  a 

r e l a t i v e  beam s i z e  of . 6  of the  beam hole  s i ze .  

1. Tube L i f e  and Vacuum 

The ope ra t iona l  pressure  i n  var ious  sec t ions  i n s i d e  the  tube i s  a com- 

plex func t ion  of t he  des ign  parameters of t he  tube, of the materials 

and t h e i r  processing his tory,  and of the  ope ra t iona l  condi t ions .  

I n  order  t o  keep the pressure  low, the  outgassing r a t e  of any tube 

1 component must be as l o w  as possible,and continuous vacuum pumping 

with a l a r g e r  r a t e  than the  outgassing r a t e  must be ava i l ab le  during 

the  tube l i f e .  Such vacuum pumping i s  provided i n  l o w  power tubes 

by the  pumping a c t i o n  of the  cathode sur face  and by g e t t e r s .  

power tubes,however, these  pumping means a r e  inadequate and appendage 

vac ion  pumps are genera l ly  provided t o  maintain s u f f i c i e n t  pumping 

speed. 

I n  high 

Nevertheless, che outgassing ra te  of a l l  tube components should be 
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life operation. Therefore, another approach is considered where the 
tube vacuum envelope is opened to the space environment. - 12 has merit since the space environment has a pressure less than 10 
torr,is nonselective in pumping any gas, and acts as an everlasting 

pump, 
from the collector sections and from the electron gun section a@ 

shown in Figure 106. 

The approach 

Such an opening in the tube can be in the form of tubulations 

The tube vacuum is such that the mean free path of the gases exceeds 

the internal dimensions of the traveling-wave tube; therefore, such 

flow is termed molecular flow, with the Kaudsdn number 

L - >  1.00 a 

where L is the mean free path and a is the characteristic dimension. 
Since the mean free path of air at 25OC is related to the pressure, 

P > in microns of Hg by 
t I - 1  

the Knudsen number can be written as 

- = -  5*09 > 1.00 
a a?? 

P 

or a P > 1.00 for molecular flow. 
IJ- 

Thus at 1 X lom6 torr, the mean free path of air at 25OC is 50.9 meters, or 
far greater than the characteristic dimenions of the traveling-wave tube, 
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The equation of gas flow rate is 

where Q is the flow rate in micron liters per second, F is the gas 

conduction in liters per second, 
is the downstream pressure (in microns of Hg). 

P is the upstream pressure9 and Po 

For molecular flow, the,gas conductance is defined as 

where R is the universal gas constant, M is the molecular weight of 
the gas (grams/mole), T is the temperature in K, ,8 is the length of 
gas travel in em, H is the perimeter at any a ,  and A is the cross- 
sectional area at any a .  Thus, for a cylindrical tube of radius a (cm), 

0 0 

3 
F = 30.48 -j- literslsecond 

and for a circular orifice of radius a 

112 
F = 11.42 a*($) 1 i te r s / se cond 

The computations of gas conductances inside the tube were somewhat 

more complex than the above examples (e.g., the slow wave circuit 

section consists of cylindrical cavities each linked by extended 
ferrules). 
along the gun section, circuit section, and collector section are 
given in Table XXIII. 

The computed gas conductances for each of the five tubes 
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TABLE XXLII G a s  conductances ( l i t e r s / seeond)  of 
the three  sec t ions  of the tubes.  

AM ti FM 2 GHz 

The computed gas conductances throughout the  c o l l e c t o r  region,and a l s o  

from the  face  of the cathode throughout the ceramic enclosure around 

the e l e c t r o n  gun sec t ion ,a re  30 t o  1600 times higher  than the computed 

gas conductances along the c i r c u i t  s e c t i o n .  A s  a r e s u l e  these re- 

gions a r e  considered neg l ig ib l e  impedances t o  gas flow i f  gases  evolving 

from the c i r c u i t  s ec t ion  a r e  s i g n i f i c a n t  and a r e  expected t o  be pumped 

e i t h e r  through the c o l l e c t o r  o r  gun sec t ion .  

During the opera t ion  of  the tube, the cathode temperatures w i l l  approxi- 

mate 800 C and 1100 C f o r  oxide type and dispenser  type cathodes respec- 

t i v e l y ;  a l so ,  the c o l l e c t o r  region may exceed 200 o r  3OOoC i n  small 

l o c a l  reg ions ;  and the c i r c u i t  s ec t ion  of the tube w i l l  not  exceed 

20OoC. Therefore the traveling-wave tube w i l l  experience g r e a t e s t  

gas evolu t ion  i n  the  cathode and c o l l e c t o r  regions.  

0 0 

Table XXIII shows t h a t  the gas conductance along the c i r c u i t  region i s  

extremely low, e spec ia l ly  fo r  the two high frequency tubes. If only 

one pumpout tubula t ion  i s  used i n  the tube, s i zeab le  gas pressures  

might r e s u l t  i n  the opposi te  end of the  traveling-wave tube due t o  the 

low gas conductance of the  c i r c u i t  sec t ion .  It  i s  therefore  important 

t o  place gas pumping tubula t ions  onto both the c o l l e c t o r  s ec t ion  and 

the gun sec t ion  as shown i n  Figure 106. 
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equation for gas flow rate: 

the solution for the required gas conductance, F, is 

- 12 where P is the vacuum of space equal to 10 
gas burst pressure, P is the maximum safe operating pressure tqual m 
to 1 X torr, t is the time required to pump the gas from a pres- 

sure of P i 
ing the gas burst. 

1 cavities for each traveling-wave tube are listed in Table XXIV. 

torr, Pi is the initial 
0 

to Pm, and V is the volume of the cavity initially contain- 

The computed volumes of the gun and collector 

Table XXIV Calculated volumes of gun and collector 
cavities (lttrers). 

AM 850 MHz 
AM 6; FM 2 GHz 
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-3  Assuming that a gas burst attaining a pressure of 1 X 10 torr must 
be pumped within 10 seconds from either the gun section or the col- 

lector section, then the gas conductances of the pumping tubulations 

nust exceed the values in Table XXV 

Table XXV Required tubulation gas conductances (liters/sec), 

AM 850 MHz 

AM & FM 2 GHz 

Table XXVI shows the maximum permissible lengths of 1/2 inch and 1 inch 
l diameter tubulations required for the gun sections and the collector 

sections for each traveling-wave tube. 

Table XXVI Maximum permissible tubulation lengths 
for gun and collector sections, cm (inches). 

AM & FM 2 GHz 

The underlined lengths will be used in designing these tubulations. 

These tubulations are connected as shown in Figure 106. L and L are 

the respective tubulations for the gun section and the collector section. 

L is composed of a ceramic isolator to insulate the collector voltage. 

G C 

c 
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L 
stainless steel bellows. This bellows will atte e shock from the 

remote vacuum opening device ch is shown in Figure 107. 

and L 
C G are brazed to a "T" junction,which in turn is brazed to a 

The remote vacuum opening device is the device intended to open the 

tube to the space vacuum. It is mounted on a fixed supporting plate (A). 

The pump-out tubulation (B) is firmly mounted to this plate by two nuts 
( C )  , which are tightened around the brazed threaded sleeve (D) , 

At the desired moment, a hermetically sealed squib i s  detonated within 

the power cartridge (E), causing the piston (F) to strike the yoke (G) 
with considerable force. The yoke, which is tightly fixed to the upper 

portion of the breaking collar (H), breaks the tubulation off at the 

groove (I), using the point (J) as a fulcrum. The yoke and broken 
tubulation are sent off into space by this action, thus providipg the 
tube with space pumping of any internal gases. 

1 The tube can be baked out with its tubulation assembly using this 

design. The yoke ( G )  is put in place after bake-out. In order to 

facilitate opening of the tubulation, a groove (I) is cut through 
the collar (H) so that the finished wall thickness is one third of 

the original wall thickness of the tubulation (B). 
and piston unit is a commercially obtainable device,available with 

squibs of any desired detonating force, which are hermetically sealed to 

.The power cartridge 

prevent any possible gas contamination of the tube in space, 

This remote vacuum opening device is successfully used in sounding 
rockets . 



TOP VIEW 
OF YOKE 

\ 
Pi- 

t 
TO TWT 

Figure 107 Remote vacuum opening device.  
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3.  Materials and Processing 

The vacuummwironment of a traveling-wave tube contains a finite residual 

level of gases from the materials used for tube construction. The level 

of residual gases within the tube envelope is increased with higher opera- 

ting temperatures. 

The tube design life can be optimized, when only materials with inher- 

ently low vapor pressures at the operating temperatures are used, These 
materials must be mutually compatible to assure rugged mechanical design 

as well as provide heat transfer to the cooling surfaces with a thermal 

margin of safety. 

In Table XXVII a list of materials for vacuum tubes and their appli- 

cation is given. 

The component having the higest temperatures within the gun will be 

heaters (900°C to 12OO0C) and the cathode (70OoC to 9 5 0 O C ) .  

' temperatures within the slow wave structure will occur at the last few 

cavities of the structure, with expected maximum temperatures of 3OO0C 

to 40OoC. These temperatures depend primarily on the focusing quality. 
The highest temperatures within the collector are expected at the first 

collector stage, with temperatures up to 3OO0C to 40OoC.  

The highest 

A plot of vapor pressure as a function of the operating temperature for 

various tube materials is shown in Figure 108. This figure indicates 

that at the ambient vacuum envelope pressure of lom8 to lo-' mm Hg a 
reasonable margin between the highest operating temperatures and the 

evaporation temperature is available. Therdfore the selected materials 

and temperatures will not significantly raise the residual gas level of 

outgassing, particularly after bake-out. 
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Table XXVII 

I MATERIAL 
Alumina 

Alumina or Bery l l i a  

Copper 

Copper - Gold 

I r o n  

Kovar 

Mone 1 

Molybdenum 

Nickel 

Nickel - Zirconium 

P1 a t i num 

S t a i n l e s s  Steel 

Tantalum 

Tungs ten  

L 

4 

Materials used i n  vacuum tubes. 

brazes  

Pole pieces 

Sea l  f langes  

Window supports  

Cathode support, p ins  

Gun leads,  cathode focus e l ec t rodes  

Cathode base 

Heater and lead welds I 

er w i r e ,  ca 
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Figure108 Vapor pressure of vacuum tube mater ia l s  
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It i s  equal ly  important t h a t  manufacturing, processing and t e s t i n g  

con t ro l s  a r e  implemented t o  obta in  an i n i t i a l l y  clear! vacuum envelope. 

The following l i s t  gives  production and processing techniques f o r  high 

r e l i a b i l i t y  space tubes.  

1.  

2. 

3 .  

4 .  

5. 

6 .  

Par t s  f ab r i ca t ion  under cont ro l led  c l ean l ines s  condi t ions.  

Spec ia l  p repara t ion  and cleaning procedures f o r  vacuum 

envelope pa r t s .  

Pa r t s  t r aceab le  t o  r a w  mater ia l  and manufacturer 's  l o t .  

Preaging on vac ion pump t o  remove i n i t i a l  outgassing. 

Bake-out i n  vacuum t o  avoid small leaks caused by ex te rna l  

oxidat ion.  

Vac ion  pumping t o  remove outgassing products throughout the 

i n i t i a l  tube t e s t i n g  phase, 

4 .  Ion Trappinq 

The flow of pos i t i ve  ions toward the  cathode can be stopped with a 

pos i t i ve  p o t e n t i a l  b a r r i e r  a t  the  anode. A pos i t i ve  anode p o t e n t i a l  

of about 100 v o l t s  with respec t  t o  the  p o t e n t i a l  of the  input sec t ion  

of the  slow wave s t r u c t u r e  i s  genera l ly  adequate t o  prevent pos i t i ve  

ions from en te r ing  the  gun region. This method i s  genera l ly  used i n  

long l i f e  space tubes and is  therefore  incorporated i n  the  tube 

designs.  In  addi t ion ,  the depressed c o l l e c t o r  a l s o  provides an ion 

t r a p  f o r  pos i t i ve  ions. The c o l l e c t o r  has t o  absorb a major p a r t  of 

the  applied power and thus w i l l  produce most of the  -outgass ing  and 

ions.  Depressed c o l l e c t o r  operat ion w i l l  t r a p  most of the pos i t i ve  

ions generated i n  the  c o l l e c t o r  region. 
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5.. . Long L i f e  Cathodes 

Several types of long l i f e  cathodes are a v a i l a b l e  which can be considered 

f o r  t h e  tube design. These include: 

a. The oxide coated cathode 

b. The n icke l  mat r ix  cathode 

c. The coated n i cke l  powder cathode 

d, The impregnated tungsten cathode 

These cathodes u t i l i z e  pr imar i ly  t h e  property of low work func t ion  

values of Barium (or Barium oxide) f o r  t h e i r  emission. 

and l i f e  c a p a b i l i t i e s  of t hese  cathode types a r e  f a i r l y  w e l l  e s t ab l i shed ,  

e spec ia l ly  those of t h e  oxide coated cathode. 

The c h a r a c t e r i s t i c s  

Cathodes must be operated a t  space charge l imi ted  emission during t h e i r  

. use fu l  l i f e .  I n  t h i s  case,  t he  cu r ren t  dens i ty  drawn from t h e  cathode 

i s  much. smaller than t h e  a v a i l a b l e  e l ec t rons  from the  temperature emission 

~ of the  hot cathode. The excessive e l ec t rons  form a space charge cloud 

i n  f r o n t  of t h e  cathode su r face ,  which a c t s  a l s o  as  an e l e c t r i c  s h i e l d  

for  t he  cathode. 

When t h e  cur ren t  dens i ty  i s  increased(by increas ing  t h e  anode p o t e n t i a l ) ,  

t he  space charge c l o u d ' i s  removed from the  cathode su r face  and t h e  emission 

becomes temperature l imited.  Temperature l imi ted  emission, however, 

cannot be sus ta ined  very long i n  these  cathodes. Electro-physical 

processes wi th in  the  cathode lead  t o  a r ap id  loss of emission (cathode 

"poisoning") and, a f t e r  some t i m e ,  t o  permanent damage t o  t h e  cathode, 

The cathode temperature is a c r i t i c a l  f a c t o r  f o r  these  opera t iona l  

conditions of t he  cathode. With higher cathode temperatures more 

e l ec t rons  a r e  emitted and space charge l imi ted  emission can be maintained 

with higher cu r ren t  d e n s i t i e s .  

maintain space charge l imi ted  emission depends on the  type of cathode, 

as shown i n  Figure 110. 

The required cathode temperature t o  

This p l o t  shows t h a t  each o f ' t h e  cathode types 
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have to be operated above a minimum temperature and emission density for 

space charge limited emission. 

current density limit for each of the mentioned cathodes are shown. 

Above this higher temperature limit the cathode life is quickly 

terminated due to excessive evaporation of active material from the 

cathode. 

temperatures up to about 760 C, but at relatively low current densities 
of approximately 600 mA/cm . The tungsten matrix cathode, on the other 

hand, needs temperatures ranging from at least 880 C to approximately 
114OoC, yielding current densities from approximately 600 mA/cm 

about 10 A/cm . 
of the temperature and thus also as a function of the current density. 

With higher temperatures (and higher current densities) the cathode life 

is rapidly reduced due to increased evaporation rates and other processes 

which lead to earlier depletion of active cathode materials. Life 

predictions for the cathodes as a function of their current density are 

shown in Figure 111. 

of the processes involved in the operation of the cathode. These pro- 

cesses have been investigated most extensively for oxide coated cathodes. 

These cathodes have, therefore, been used almost exclusively for long 

life tubes and especially for space tubes. Life test data and tubes in 
the field have confirmed the life predictions for oxide coated cathodes. 

These data indicate that the predictions shown in Figure 111 for these 
cathodes can be considered conservative and the actual life expectancy 

is likely to be higher. 

In Figure 110 an upper temperature and 

The oxide coatkd cathode can thus be operated at rather l o w  
0 

2 

0 

2 up to 
2 The life varies greatly for these cathodes as a function 

These life predictions are derived from an analysis 

Recently,development efforts have been devoted to the more advanced 
cathode types. Some of  these cathode types show great promise for 
very long life at higher current densities, especially the tunsten 
matrix . 
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In evaluating the capabilities of these cathodes, the heater and 

its life must be considered too. The heater temperature generally 

has to be approximately 15OoC to 2OO0C higher than the cathode tempera- 

ture. Excessively high heater temperatures can reduce the heater life. 

At heater temperatures higher than 1350 C, the heater wire (tungsten) 

recrystallizes and becomes very brittle. 

insulating heater coating (alumina) reacts with the heater wire, resulting 

in gas evolvement and oxide reduction. 

and short circuits within the heater coil may occur, leading to hot 

spots and to heater destruction. At higher temperatures, tungsten 
sublimation also becomes significant, 

0 

At these temperatures the 

The insulation is then destroyed 

The heater temperature should therefore be below 1350' for long life 

cathodes. 

A description of the oxide coated cathode and the other types of 

cathodes follows: 

23,24 
6xide Coated Cathode 

The oxide coated cathode consists of a nickel alloy base which is coated 

with a mixture of Barium oxide (BaO) and strontium oxide (SrO) crystals. 

Its superior emission properties are due to the very low work function 

of the oxide coating. However, this is true only if an excess of  oxygen 

vacancies exists in the lattice sites of the oxide crystals. These 
oxygen vacancies act as electron donors in the oxide coating, which repre- 

sents an n-type simiconductor. The work function of the crystal is then 

considerably lower than that of pure barium or strontium. A perfect 
oxide lattice structure (without oxygen vacancies) would be a rather 
poor emitter. 

does not exist by itself, since there are an almost equal number of 
barium (and strontium) vacancies in the lattice sites of the oxide 

crystals. 

tend to cancel the emission enhancement of the oxygen vacancies. 

The condition of excess oxygen vacancies in the crystal 

These barium vacancies act as electron acceptors and thus 

The 
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excess oxygen vacancies are produced by chemical reduction processes. 

The nickel alloy base metal contains reducing agents, such as zircomium 

(Zrl and tungsten (W), which diffuse toward the interface surface of 

the metal base. 

chemically with the oxides and free barium becomes available. The 

barium donars fill tlie barium vacancies in the lattice structure so that 

the desired excess oxygen vacansies are produced and the coating 

becomes an n-type semiconductor. 

At the interface surface the reducing agents react 

The reduction processes at the interface surface can be described by: 

W f 4Ba0 * Barn4 -C. 3 Ra 

Barium however has a rather high evaporation rate at cathode temperature$, 
and therefore the reduction process must continue during the life of 

the cathode in order to maintain the excess oxygen vacancies in the 
Cathode emission therefore depends on the dynamic balance ‘crystal. 

of barium evaporation and the citefusion of the reducing agents, 

The cathode life is terminated when either the barium supply of the 
oxides or the supply of the reducing agents is exhausted. The thickness 
and density of the oxide coating is limited by its adherence to the 

metal base. However, at low cathode temperatures, the coating thickness 
is adequate to supply enough barium during the cathode life. In this case 
the cathode life is terminated by the depletion of reducing agents. 
diffusion rate! of the reducing agents (Zr and W) to the interface sur- 
face is much slower than the dhemical redugtion process and the 
evaporation.of barium. The production of barium by this process is 

diffusion limited rather than reaction limited. The slow diffusion 

rates of the reducing agents makes it therefore possible to achieve 
long life. However, the diffusion rate does not remain constant but 

decreases with time. 

The 

This is illustrated in Figure 112 with the ,qomputed 
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Figure 112 Barium a r r i v a l  ra te  i n  oxide coated cathode (computed 
f o r  235H cathode). 
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barium 

a,c\tel b ~ ~ e  with d = ,051 cm (,e20 in) thickness. The nircciian con- 

centration in the nickel base is rather critical for the arrival race of 
barium. 

barium arrival rate t o  sustain emission, while a too high zirconium 

copceatration will deplete the barium rcvtrvair i n  the  coating too soon. 

The abseace 

additional accidental reducing agents, is therefore importan% for long 

lifG cathodes. Impurities of the nickel alloy base shouid, therefore, 

be limft2d to less ahan .Q1% by weight. A high conce3tratian of zircmiu- 

or of impurities is also unde~iirable because an interface resistance 

Layer is fomed at the nickel base suria~e. 

reduces the mechanical adhesion of the coatiag after aeverai thmsand 

hours of operstion,and it causes additional cathode heating which m y  

becoate excessive. 

.I to 100 ohms. Silicon has been found t o  be the most harmful impurity, 

building a B a S i 0 4  resistance layer. 

be especially pura wish respect to silicon. 

arrival r:?zcs as a function of the cathode terperaturc f o r  a 

A too small zirconium concentration w i l l  produce a too amall 

of any impurities t u  the nickel base, which rnay act; a8 

This interface relristanct 

Values of the interface resistance m y  range from 

The base metal must, therefore, 

The reducing ageat tungstea in the nickel base has a substantially lower 

diffusion rate than zirconium: 

-16 2 

-11 2 
Diffusion co~atant W: 3.8 10 cm /sec 

Zr: 1 . 7  10 cm lsac  (at 740'~) 

Moreover, the reaction of rnngsten is so s!.ou a t  Yathoae temperatures 
that the berzaszl productior; by tungsten is reactrun limltcd rather than 
Ziffusion limited, Therefore, t h e  bariun: arri 1 rate is entirely 

determined by the zirconium diffusion,up to ab( t 15,000 hours of opera- 

t ion .  ?hererfter,however, the barium production by tuugsten becomes more 
effective ma impnoves the life cf the cathode (Figure 1121, 
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The end of t h e  cathode l i f e  occurs when t h e  barium arr ival  r a t e  has 

become too Small t o  Sustain an adequate nunber of oxygen vacencies i n  t he  

oxide l a t t i c e .  The emission drops ;hen from space charge l imited t o  

temperature l imited leve ls  and fur ther  d e t e r i a r a t i o n  w i l l  follow. The 

necessary minimum barium a r r i v a l  rate depends not only on the barium 

e-:aporation r a t e ,  but a l s o  .m the  vacuum environment of the  cathode. 

The res idual  gases re leased from other  tube p a r t s  during operat ion are 

ionized by the e lec t ron  beam, and some of the r e s u l t i n g  pos i t i ve  ions 

tend t o  cause daaaa-,to t h e  cathode by bombardment o r  by oxidizing the 

-1ectron donors, a, e f f e c t  known a s  cathode poisoning. The most e f f e c t i v e  

gasses i n  poisoning t h e  cathode are H 0, CO,, SO,, CO, and 0 2 
barium a r r i v a l  r a t e  must therefore  be large enough t o  replace evaporated 

barium as well as barium losses due t o  poisoning. 

tends todecrease with increasing operat ing time s ince  the poisoning has a 

pumping e f f e c t  cn  t h e  tube vacuum and the vacuum pressure tends t o  

harden with t i m e .  

The 
2 '  

The poisoning rate 

The gas pressure is l i k e i y  t o  be higher i n  high power tubes due t o  the 

l a rger  tube surfaces and possibly higher temperatures i n  some components. 

Therefore, the minimum required barium a r r i v a l  r a t e  is l i k e l y  t o  be 

higher for higher power tubes. 

I t  is possible t o  experimentally determine t h e  minimum required barium 

arrfval r a t e  for a s p e c i f i c  tube with the  ciip t e s t  

t e s t ,  the cathode temperature is temporarily reduczd, which lower3 t h e  

25 . ICith the d i p  

barium a r r i v a l  rate. 

determines t h e  l i f e  of t h e  tube, can be detected by observing the work 

rcnction, s ince  t h e  work function chenges a t  t h e  c r i t i c a l  barium a r r i v a l  

r a t e .  With t h i s  mrlthod t h e  c r i t i c a l  barium a r r i v a l  rrte a f  t h e  tube 

caihode s@wn in  Figure 112 has been estimated to: 

The c r i e i c a i  m i n i m u m  barlum a r r i v a l  rate, ghich 
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Generally, a minimum barium arrival rate in the order of 

11 2 10'' to 10 atoms/cm /sec 

is found necessary in long life tubes with oxide cathodes. 

The oxide coating is unstable in the presence of atmospheric water vapor, 

The coating is therefore applied in the form of corresponding carbonates. 
The carbonate powder is mixed with an organic binder (nitrocellulose 

or polybutylmethacrylate) and a solvent (amylacetate). This mixture 

is either sprayed or brushed onto the cathode base. The binder is 
removed after the initial pumping during the bake-out process at approxi- 

mately 200 C, when it evaporates. 0 

The remaining carbonates are decomposed during the later cathode break- 

down process. 

at approximately 70OoC. 

the cathode, which is accomplished at temperatures ranging from 900' to 

11500C. During activation the diffusion process of the reducing agents 

The oxides are formed after CO has been removed by pumping 2 
This is followed by the activation process of 

in the metal base is initiated, and the subsequent reduction at the inter- 

face establishes the semi-conducting properties of the coating. The activation 

is generally enhanced by current flow through the cathode due to the 

resultant electrolytic dissociation in the coating. ' 

The activation temperature and time are critical parameters to obtain 
long life cathodes. 

It was found that triple carbonates (Bay Sr, and Ca) can be faster 
activated than double carbonates (Ba and Sr), but their adherence to 

the nickel base is generally pourer,and peeling of the coating may then 

occur. Double carbonates also are found to yield better cathode life. 



Before the tube is being operated, a tube aging process is required at 

operating temperatures. 

considerable t h e ,  The aging temperature and t i m e  are important t o  

achieve long l i fe .  

Long l i f e  tubes generally are aged over a 

In Table XXTJSII below the most common causes of cathode failure and their 

prevention are Listed. 

Table XXVIII Failure causes for oxide coated cathodes and t h e i r  
prevention. 

CATHODE FAILUW 1 -  CAUSE OF FAILURE 1 PREVEXCXON 
Coating Bvaporat ion Cathode temperature Redesign cathode with 

larger area and lower 
current d e n s i t y  and 
temperature 

too h5gh 

Select base metal w i t h  
adequate purity 

Loss of Emission 

tungsten 

Reaction with Alumilaa ture (below 1350'C) 
Heater Failure Lower heater tempera- 

coating I 



26 -- 
The Nickel Matr-ix. Cathode 

Two methods are known to produce a nickel matrix cathode. 

The pressed cathode is made by pressing together a mixture of powdered 
barium-strontium-carbonates and nickel powder and skntering the pressed 

material at 1000°C to metal base. 

The nickel powdered cathode uses nickel oxide or nickel oxalate powder, 

which is sintered to the metal base. The carbonate suspension is brushed 

or pressed into the matrix. 

With both methods a porous mickel matrix cathode is produced with a 

porosity of approximately 50 percent. Reducing agents, such as zirconiuin, 

tungsten, or magnesium, are added to both the nickel base metal and to 

the nickel powder (matrix). 

The nickel matrix cathode has a greatly impnoved electrical and thermal 

conductivity of the coating, as well as much better bond of the coating 

to the base metal, and a larger volume of the coating can be applied. 
A s  a result the cathode resistance of this oxide is very low. This pro- 

vides better protection against arcing at high voltage and current density 
operation and improved resistance against damages by ion bombardment. 

cathode is capable of long life operation with higher current densities 

from 600 mA/cm 
in the range of 84OoC. 

This 

2 2 to 1000 mA/cm , but with higher cathode temperatures, 

m e  nickel matrix cathode requires a much longer activation time than oxide 
coated cathodes, approximately four to five times as long. The nickel 
matrix cathode has a tendency to grow relatively large single barium oxide 
crystals in the coating. These crystals do not exhibit oxygen vacancies 
and therefore degrade the emission and disturb the diffusion process, lead- 

ingto inhomoganeitie8. LNickel matrix cathodes also tend to shrink excessively. 



They produce a relatively high residual gas content. hi 
temperatures make the heater design more ciriti 

27 

This cathode type can be considered as a modification of the oxide coated 

cathode and to some extent of the nickel matrix cathode. The cathode is 

produced in a very similar fashion as the oxide coated cathode. However, 

each triple or double carbonate particle is coated with a thin nickel layer. 

This is accomplished by heating the barium-strontium-carbonate solution 

(using amylacetate or solvent) to approximately 100°C and flushing the 

hot solution with carbonyl nickel (Ni(C0) ) suspended in hydrogen gas. 

The carbonyl nickel powder is suspended in an inert liquid and a 

hydrogen flow through this liquid carries the material in suspension to 

the hot carbonate solution. 

4 

The carbonyl nickel is thermally decomposed and forms a nickel coating 
on each o f  the carbonate particles. The nickel coating process is followed 

by a dry nitrogen flush. The coating process is rather critical with 

respect to the temperature, the concentration of the mixtures,and the 

purity of the materials. After the nickel coating is applied, a binder 
(nitrocellulose or polybutyl-methacrylate) is added and the solution can 

be sprayed onto the nickel alloy base in the same fashion as for the 

conventional oxide coated cathode.The cathode processing and activation 
procedure is also the same as for conventional oxide coated cathodes. 
During the cathode breakdown process the continuity of the coating nickel 
film is broken by escaping GO and the coating is-sintered into a nickel 
frame . 

2 

This cathode exhibits superior electrical and thermal conductivit 
outstanding coating adhesion to the metal base as compared to the oxide 

coated cathode. The work function of this cathode is almost as low as 

that of oxide coated cathodes, permitting low cathode temperature opera- 

tion in the range of 700 C to 800 C, while the current densities can be as 
high as 1,000 mA/cm2 for long life operation as a result of the improved 

properties of this cathode. 

0 0 
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The coated nickel powder cathode achieves thermal and electrical conductivities 

of its coating which are comparable to those of the nickel matrix cathode, 
permitting equally high current densities. This is accomplished, however, 

with a much lower percen.tage of nickel in the coating frame of only approxi- 
mately 3 percent by weight, compared to the 70% to 80% nickel by weight 
of the nickel matrix cathode. 

of  the coated nickel powder cathode and, therefore, its lower operating 

temperature compared to the nickel matrix cathode. 

large single barium oxide or strontium oxide crystals during the processing 

This provides the much lower work function 

The formation of the 

generally does not occur due ta the lower processing temperature and the 

inhibiting nickel film coating. These large single crystals are observed 

in nickel matrix cathodes; they cause deep donor depletion layers and degra- 

dation of the emission. 

The coated nickel powder cathodes can be processed and activitted within 

a much shorter time than nickel matrix cathodes. Their processing tem- 
peratures may be temporarily raised to 1100 C for improved outgassing of 

the' heater and cathode. 

0 

The nickel frame of this cathode is gradually evaporated and must be 
replaced by sublimation of nickel from the base into the coating, which 

is accomplished when the vapor pressure (and temperature) of the nickel 

base is high enough. = With insufficient nickel sublimation the coating 
is gradually transformed into a conventional oxide coating. 

of  this cathode is generally limited by the supply of the reducing agents 
(zr and W) of the nickel base, in the same fashion as for oxide coated 
cathodes. The barium arrival rate is also diffusion limited. Thus the 
C.P.C. cathode combines the advantages of the oxide coated cathode with 
those of the nickel matrix cathode. 

The life 

25 8 



28,29,30,31 
The Impregnated Tungrten Cathode 

The impregnated tungsten cathode is widely used in high power tubes, when 
high current density operation is required. 

The porous tungsten body is produced by sintering pressed tungsten powder 

at temperatures of 240OOC. 
with a tungsten powder particle size of about 5 ~1 

(iron, oxygen, and silicon) of the tungsten of less than .002%. 

optimum porosity of the sintered tungsten body is found to be 17% to 19%. 

Optimum cathode performance can be obtained 
and an impurity content 

The 

The sintered tungsten ingots are then impregnated with OFHC copper 
at 135OOC in a dry hydrogen atmosphere, The molten copper penetrates 

the tungsten body by capillary action. The copper impregnated tungsten 

should have a density of 17.5 g/cm ; it can then easily be machined, such 
as turned, drilled, milled, and polished. The copper serves as a filler 
and lubricant for the machining operations and accurately controlled sizes 

and dimensions can be achieved for a variety of cathode shapes without 
damages to the surfaces. The copper is then completely removed by evapora- 

tion at 1800 C in a vacuum furnace. This is accomplished without shrinkage 
as a result of the much higher sintering temperature (24OOOC). 
cathode impregnation is then applied to the surface of the porous tungsten 
body. The impregnation consists of barium oxide, calcium oxide, and alu- 
minum oxide powder suspended in a butyl methacrylate or benzene solution 

with an orgalitc binder. 

together 5 moles barium carbonate, 3 moles calcium carbonate, and 2 moles 
aluminum oxide powder at 1700 The amount 
of the calcium carbonate is not critical, but a minimum of .3 moles is 

required. 

3 

0 

The f i n a l  

These oxides have been produced by melting 

0 in dry hydrogen atmosphere. 

The impregnated tungsten cathode is then vacuum heated to 17OO0C. This 

melts the impregnant and draws it into the tungsten pores by capillary 

action. After impregnation the cathode should have a weight increase 

of 5 percent. 
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The impregnated tungsten cathode has to be attached to a supporting 

structure; however, care must be taken to avoid bonding materials with 

reducing action on the aluminate, Platinum ii;.also undere'irable-for bmde 
ing since platinum tends to migrate to the cathode surface and to increase 

the work function. 

structure material, but the bonding generally is difficult to achieve. 

. 

Molybdenum is most frequently used as a support 

The processing and activation of the impregnated tungsten cathode is 

relatively simple. After the bake-out, the cathode is activated at 

12OO0C with current being drawn, 
Can then be operated at 1000°C to 1O8O0C. 
as a function of the cathode loading are: 

The cathode is then aged at llOO°C and 

Typical cathode temperatures 
' 

Temperature 

97OoC 2.5 A l p  
1O8O0C 5Al cm2 
1.1 3OoC 10A/cm 

Current Dens i t y 
2 

The emission of the impregnated tungsten cathode corresponds to a work 

function of 1.67 V compared to 4.54 V of tungsten. 
the  work function and its resultant high emission is interpreted as being 

produced by the existance of a monoatomic layer of barium and oxygen 

atoms at the cathode surface. 
of barium oxide by tungsten, corresponding to a reaation of: 

This low value of 

The barium atoms are produced by reduction 

6 BaO + W -, Ba3W06 + 3 Ba 

2 Bag W06 + W e  3 BaW04 + 3 Ba 

The presence of calcium oxide is assumed to lead to an emission increase 
from the ends of the pores and to reduce the barium evaporation. 

The barium reaches the cathode surface partly by migration over internal 

surfaces, but primarily by "Knudsen-flow" through the pores. 
of the tungsten body, therefore,influences the evaporation rate from the 

cathode surface. 

The porosity 



The cathode life is terminated when the barium flow rate becomes too slow 

compared to its evaporation rate. In Figure 113 the evaporation rates of 
the material8 used in an impregnated tungsten cathode are shown as func- 

tion of temperature. 

To achieve good emission the cathode must completely be covered with 

barium. 

when vapors of H 0, CO 
It has been found that loss of emission is suffered by poisoning, 

SO2, CO, or 0 oxidize the monoatomic layer. 2 2' 2 

Other emisdon damages can be caused by organic vapors, which may carbonize 

at the cathode or by hot metal vapors of titanium, nickel, iron, or 

chromiumwhich may alloy with tungsten. It was found that a thin osmium 
coating at the cathode surface lowers the work function and improves the 

emission; however, osmium also evaporates readily. 

Impregnated tungsten cathodes produce a rather high evaporation rate of 

barium due to their high operating temperatures. This may cause excessive 

deposition rates of barium on other parts of the gun, such as the focusing 

anode, grids, or the anode. Leakage currents and grid emission may then 

occur. 

When coated heaters are used for higher temperatures, the heater coating 

can react with the tungsten filament, resulting in evaporation of cathode 

poisoning substances, which limits the acceptable heater temperature to 

135OOC. 
tures of 1600 C before severe recrystallization occurs. Coated heaters 
should be connected to the cathode to avoid destructive electron bombard- 
ment of the coating. 

However, uncoated tungsten heaters may be used up to tempera- 
0 

The advantages of the impregnated tungsten cathode may thus be listed as 
f 0 1 lows : 

1. High current density capability 
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TEMPERATURE (* K )  
Figure 119 Evaporation rate of cathode materials 

of impregnated tungrten cathode. 



2. High resistance of the emitting surface against ion bombardment and 

arcing 

3 .  Very low cathode resistance 

4 .  High resistance against poisoning. Cathode can be reactivated'by 

short overheating after severe poisoning 

5. The cathode can be reactivated after exposure to air. 

Recommendations for the Choice of a Cathode for the Tube Designs ' 

From the previous discussions, it can be concluded that the 850 MHz 
and 2 GHz tubes should be provided with oxide coated cathodes. The 

cathode loading of these tubes is very l o w  and comparitively low cathode 

temperatures can be used, so that the barium evaporation can be kept very 

low. 

the traveling-wave tube modulator. With. low evaporation rates, the grids 
cam be expected to maintain their characteristics during the life of the 

tube. 

This is important in view of the grids being used in conjunction with 

For the 8 GHz and 11 GHz tubes, an impregnated tungsten cathode is proposed. 

The required current densities for these tubes are relatively low for 

impregnated tungsten cathodes, and superior life can be expected. These 
tubes could also use oxide coated cathodes with shorter, but still adequate, 

life expectancy. The impregnated tungsten cathodes provide additional 

reliability due to their increased resistance against ion bombardment and 
poisoning. The coated nickel powder cathode coGl3be used for these 
tubes too, but for this cathode type no life data are yet available. 

A list of the cathode recommendations follows in Table XXIX. 
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Table XXIX Recommended cathodes. 

TUBE 

Shadow Grid 

Cathode 
Loading 

Cathode Type 

Cathode 
Temperature 

Cathode L i fe  

78 dIcm lk2 & l c m  

Oxide coated cathode 

I 
7OO0C I 73OoC 

>50,000 hours 

Very low cathode loading per- 

m i t s  low cathode temperatures 

with low barium evaporation 

f o r  g r i d  pro tec t ion  and very 

long cathode l i f e .  

11 GHz 
no RO I 

2 470 d / c m  490 mA/crnz 

Impregnated tungs t en  
cathode 

>SO, 000 hours 

Cathode loading is 

low t o  permit very 

long l i f e  operat ion 

with impregnated 

tungs ten  cathode. 

No gr ids ,  therefore  

higher  cathode 

temperatures a r e  

permi  s s i b  le. 



B. LIFE CONSIDERATIONS FOR 'HEAT PIPE 

1. General 

The heat pipe cooling system permits operating temperature for the 

high power tubes which are only slightly higher than the operating 

temperatures of present day medium power space tubes €or communica- 

tions. 

The low temperature cooling system is considered essential 

for the long life capability of the tubes. The heat pipe system is 

designed for high reliability and long life, since it provides 
abundant heat transfer by the multiple independent parallel heat 

pipes in the radiator system. 

insulated and therefore all metal. 

elements which can be easily sealed. 
package provides in addition to excellent heat transfer, reliable elee- 

tric insulation. 

development for high power traveling-wave tubes. Life tests with 
such systems indicate that operating life of several years can be 
expected with these systems. 
far have been achieved without degradation. 

The radiator system is not electrically 
This permits use of structural 

The inner dielectric heat pipe 

Such dielectric heat pipe systems are presently in 

Life data in excess of 10,000 hours so 

The low operating temperatures further enhance system reliability. The 
maximum temperature change for a long term shutdown (more than 24 hours) 
would only be 25OOC. 

All heat pipe parts are constructed of stainless steel to keep thermal 

stresses small. 

The contraction of material would then be very small. 

Start-up of the heat pipe from a:frozen state during temperature cycle is 

of particular interest, since heat pipes with fluids such as bismuth or 
water have sometimes burst at low temperatures or exhibited hot spots 



during s t a r t - u p .  The s t a r t - u p  process from the  frozen state t o  the  op- 

e r a t i o n a l  l i q u i d  state of a cool ing system using organic  f l u i d s ,  however, 

i s  not  expected t o  i n t e r f e r e  with the  heat: pipe operat ion.  

con t r ac t s  upon f reez ing ,  bu t  the  evaporat ion hea t  at the  melt ing s t a t e  i s  

much l a r g e r  than the  melt ing hea t  f o r  these  f l u i d s .  (For exlaple, Dow A 

has a l a t e n t  evaporation hea t  of 165 Btu/ lbs  compared t o  i t s  l a t e n t  hea t  

of mel t ing a t  40.2 Btu/ lbs . )  

m e l t  much more r ap id ly  than i t  w i l l  evaporate,  and hot  spots  due t o  l o c a l  

vapor pockets a r e  not l i k e l y  t o  occur. These conclusions were f u l l y  

confirmed with f reez ing  experiments of hea t  pipes  a t  Hughes. 

The f l u i d  

The heated frozen f l u i d  w i l l  t he re fo re  

0 
A Dow A hea t  p i p e  system was repeatedly frozen to  10 C and 100°C below 

i t s  f reez ing  temperature and r e s t a r t e d  without any degradation o r  

changes i n  the  operation. 

2 .  Meteoroid Damape 

The weight of the cool ing system depends on the  p robab i l i t y  of puncture 

by meteoroids, 

i n  space. Typical accumulated da ta  a r e  shown i n  Figure 114 . The 

Extensive da t a  a r e  ava i l ab le  on concentrat ion of meteoroids 
' 32 

data  on p a r t i c l e  concentrat ion can be combined with r e s u l t s  obtained 

from tests on hyperveloci ty  impacts. From these da t a  the pene t ra t ion  

probabily of a ma te r i a l  with a given thickness can be ca lcu la ted .  

average t i m e  t o  pene t ra te  an aluminum spacecraf t  sk in  i s  shown i n  

Figure 115 , The t i m e  s c a l e  can be increased by a f a c t o r  10 f o r  steel. 

Therefore a steel sk in  shrouding with .020 i n  (.0508 cm) thickness  i s  

adequate t o  p ro tec t  the  spacecraf t  aga ins t  meteoroid pene t ra t ion  over 

a period i n  excess of 10 years .  

The 
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X I .  P M R  SUPPLY REQUIREMENTS 

A. GENERAL 

The high e f f i c i ency  of the  tube designs i s  achieved with a mult i -  

vo l tage  jump t ape r  on the  c i r c u i t  and a four-s tage c o l l e c t o r .  A 

schematic of the  required power suppl ies  is  khown i n  Figure 116. 

The tube i s  operated with a cathode supply, c i r c u i t  supply,col lector  

supplyyand h e a t e r  supply with the  d r i v e r  s ec t ion  of the  slow wave 

s t r u c t u r e  being grounded. The high frequency tubes (8  GHz and 11 GHz) 
a l s o  requi re  a power supply f o r  the  solenoid.  The cathode supply, anode 

supply, and c i r c u i t  supply have t o  provide the  required tube p o t e n t i a l s ,  

while the  c o l l e c t o r  supply has t o  pr imar i ly  provide the  power. Both 

the  c i r c u i t  supply and the  c o l l e c t o r  supply have a number of vo l tage  

taps  f o r  the  c i r c u i t  s ec t ions  and the  c o l l e c t o r  s tages .  

the  required tube vol tages  and cu r ren t s  f o r  t hese  suppl ies  are l i s t e d .  

The l i s t e d  t ap  vol tages  f o r  the  c i r c u i t  and c o l l e c t o r  suppl ies  are 

taken between the  negat ive supply terminal  and the  t a p  terminal.  

I n  Table XXX 

For the  loading of these  suppl ies  i t  has been assumed t h a t  the  d r i v e r  

s e c t i o n  of the  c i r c u i t  has 3% cur ren t  in te rcept ion ,  while any of the  

vol tage  jump sec t ions  may have up to -1% cur ren t  i n t e rcep t ion .  

anode i s  assumed t o  i n t e r c e p t  up t o  1% of the  beam cur ren t .  

l e c t o r  cu r ren t s  have been determined from the  computed spent beam energy 

d i s t r i b u t i o n ,  including est imated v e l o c i t y  s o r t i n g  de f i c i enc ie s  and 

secondary backstreaming. . 

The 

The co l -  

It  should be mentioned t h a t  the  l i s t e d  power supply loadings f o r  the  

AM tubes represent  peak values.  All cur ren t s  (except the  h e a t e r  supply) 

w i l l  vary from these  peak values  t o  p r a c t i c a l l y  no cu r ren t  as a funct ion 

of t he  amplitude modulation, while the  relative cu r ren t  d i s t r i b u t i o n  

w i l l  remain approximately constant  with time, except f o r  the  c o l l e c t o r  

loading. 

(and beam cur ren t s )  t o  lower c o l l e c t o r  po ten t i a l s .  

The c o l l e c t o r  loading w i l l  s h i f t  a t  lower modulation levels 
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Table XXX Power supplies for voltage jump taper tubes with four stage 
collector. 

850 MHz 
AM 

2 GHz 
A M & l ? M  I TUBE 8 GHz 

FM 
11 GHz 
FM 

5.1 kW 7.6 kW 5.2 kW 5.1 kid 

16 kV 
15 mA 

13 kV 
9mA 

14 kV 
9'mA 

12 kV 
9mA 

100 v 
0-3 mA 

100 v 
0-5 mA 

100 v 
0-3 mA 

100 v 
0-3 mA 

12.0 v 
2.77 A 

9.0 v 
1.70 A 

6 . 3  V 
1.19 A 

6.3 V 
1.01 A 

Heater Supply 

Circuit Supply 

5.15 kV 
6.62 kV 
8.08 kV 
9.55 kV 
11.01 kV 
12.48 kV 
13-94 kV 
15.40 kV 
0-5 mA 

4.66 kV 
6.95 kV 
9.24 kV 
11.53 kV 
13.81 kV 
16.10 kV 

--- 
--- 

0-3 mA 

4.80 kV 
7.90 kV 
11.0 kV 

(14i; 2 
--- 

5.6 kV 
9.56 kV 
13.52 k\ 
17.50 ki 

--- 
--- 
--- 
--- 

0-3 mA 

1 
2 
3 
4 

5 

6 

7 
8 

a 

b 

C 

d 

--- 
--- 

I (each) 
W X  

(0-3 mA) I (each) 
W X  

Collector 
Supply 

'TOTAL 

Solenoid Supply 

22.5 kV 
208 mA 

19.1 kV 
143 mA 
16.3 kV 
135 mA 

0 
19 mA 

25.3 kV 
114 mA 

22.2 kV 
100 mA 

19.8 kV 
70 mA 

5.3 kV 
14 mA 

20.9 kV 
136 mA 

18.95 kV 
125 mA 

15.75 kV 
48 mA 

1.31 kV 
13 mA 

26.60 ki 
191 mA 

19.11 ki 
66 mA 

13.10 kF 
28 mA 

1.45 kV 
13 mA 

Collector 
Supply 

'TOTAL 505 mA 346 mA 298 mA 298 mA 

-- Solenoid Supply 1 15.2 V 
22.9 A 

14.3 v 
28.6 A 
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The average supply loading f o r  the AM 

the l i s t e d  peak values.  The 

requirements f o r  

and e f f i c i e n c y  changes by vol tage  v a r i a t i o n s  neg l ig ib ly  small. 
most c r i t i c a l  long term regu la t ion  is requi red  f o r  the h e a t e r  s q q l y  

which has been spec i f i ed  t o  keep the  cathode temperature v a r i a t i o n s  

ATc wi th  

The 

0 ATc = 20 C. 

The s h o r t  t e r m  load r epu la t ion  (maximum vol tage  r i p p l e )  takes a l so  

phase v a r i a t i o n  due t o  vol tage  r i p p l e s  i n t o  account. Such phase 

v a r i a t i o n s  a r e  caused by vol tage  v a r i a t i o n s  of t he  cathode and cir-  

c u i t  supply. 

v a r i a t i o n s  by an order  of magnitude smaller than the permissible 

I t s  r egu la t ion  has been determined t o  keep these  phase 

phase v a r i a t i o n s  over the frequency range, 

ments f o r  the FM tubes a r e  therefore  almost an order  of magnitude 

The r egu la t ion  requi re -  

‘ s m a l l e r  than those f o r  t he  AM tubes. 

The r e s u l t a n t  vo l tage  r egu la t ion  requirements a r e  l i s t e d  i n  Table XXXI. 

B. TURN-OFF AND TURN-ON PROCEDURES 

The turn-on and turn-of f  procedures f o r  the tubes a r e  designed pr imar i ly  

t o  p r o t e c t  the cathode aga ins t  temperature l imi t ed  emission. The cathode 

must t he re fo re  be h o t  when the vol tages  are turned on o r  o f f .  This can 

shed with  the Al te rna te  I procedure l i s t e d  below: 
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Table XXXI Voltage regulati requirements. 

AM 

Cathode Supply 

FM 

AM 

Anode Supply 

FM 

AM 

Heater Supply (dc) 

FM 

AM 

Circuit Supply 

FM 

AM 

Collector Supply 

FM 

Solenoid Supply 
(8 GHz and 11 GHz I only 1 

MAxlMzlM RIPPLE 

nv 
vo 

+, .I% 

* .02% 

f 5% 

Not Critical 

f. 1% 

f .2% 

f. 2% 

t 5% 

LONG TERM 

nv 
vO 

1% 

5% 

t .l% 

2% 

+, 2% 

f. 2% 

273 



ALTERNATE I 

A .  TURN-ON 
S t e p  1, Turn on: hea te r  supply 

anode supply 

c i r c u i t  supply 

c o l l e c t o r  supply 

solenoid supply 
(8 and 11 GHz only) 

S t e p  2. 5 minutes a f t e r  Step 1 tu rn  on cathode supply. 

B. TURN-OFF 
Step  1. 

Step 2. 

Turn of f  cathode supply 

10 m s  a f t e r  Step 1 t u rn  o f f : .  
anode supply 

c i r c u i t  supply 

c o l l e c t o r  supply 

hea ter  supply 

solenoid supply 
(8 and 11 GHz only) 

Some coupled cav i ty  tubes tend t o  break i n t o  t r a n s i e n t  o s c i l l a t i o n s  

during the  switching periods f o r  the  cathode supply vol tage.  An 

Al te rna te  I1 procedure i s  suggested i n  t h i s  case, which e l imina tes  

such t r a n s i e n t  o s c i l l a t i o n s .  

shortened t o  the  cathode during the  cathode vol tage  switching period. 

With t h i s  procedure the anode remains 
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ALTERNATE I1 

A .  TURN-ON 

Step 1. Short  cathode - anode terminals  

Open anode supply connection 

Step 2. 100 m s  a f t e r  Step 1 open: 
hea te r  supply 

c i r cu i t  supply 

c o l l e c t o r  supply 

cathode supply 

solenoid supply (8 and 11 GHz only) 

S tep  3. 5 minutes a f t e r  Step 2 open shor t  between cathode- 

anode terminals  

Step 4. 100 m s  a f t e r  S t e p  3: 
reconnect anode supply 

tu rn  on anode supply 

B. TURN-OFF 
Step 1. Turn o f f  anode supply 

Open anode supply connection 

100 ms a f t e r  Step 1 short cathode - anode 

terminals  

100 m s  a f t e r  Step 2 t u rn  o f f :  

Step 2. 

S tep  3. 
cathode supply 

c i r c u i t  supply 

collector supply 

hea te r  supply 

solenoid supply 
(8 and 11 GHz only) 
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C.  DESIGN CONSIDERATIONS FOR ELECTRONIC POWER CONDITIONER 

The power requirements f o r  a vol tage  jump t a p e r  t r ave l ing -  wave 

tube w i t h  mu l t i  s t age  c o l l e c t o r  present  some unique requirements 

on the  e l e c t r o n i c  power condi t ioner  design. 

required f o r  t h i s  tube i s  two (2) orde r s  of magnitude higher  than t h a t  

f o r  present  space type traveling-wave tube ampl i f ie rs .  The vol tage  

l e v e l s  required a r e  an order  of magnitude higher ,  and the  number of 

independently regula ted  vol tage  l e v e l s  needed vary from 10 t o  14 

depending on the  output RF power. Traveling-wave tube ampl i f i e r s  

i n  space use  today r equ i r e  3 t o  5 regula ted  vol tage  l eve l s ,  some 

of which employa common regula tor .  

a vo l tage  jump taper  traveling-wave tube with mul t i  s t age  c o l l e c t o r  

are therefore  

and the  number of vol tage  l e v e l s  required are much higher  than provided 

by cu r ren t  desi  gns. 

The amount of dc power 

The requirements f o r  bhe EPC f o r  

unique t o  the  ex ten t  t h a t  the  dc power, vol tage l eve l s ,  

The most c r i t i c a l  design cons t r a in t  on the  e l e c t r o n i c  power condi t ioner  

is the requirement of high e f f i c i ency .  

d i t i o n e r  e f f i c i e n c y  i s  necessary t o  obta in  high system e f f i c i ency .  

crucial  requirement on e f f i c i e n c y  may come from the  thermal c o n s t r a i n t s  

i n  a spacecraf t .  

and an o v e r a l l  e f f i c i e n c y  of 67% would generate  approximately 2-112 kW 
of hea t  i n  a f a i r l y  loca l ized  region. 

A high e l e c t r o n i c  power con- 

A 

A traveling-wave tube ampl i f ie r  with 5 kW RF output 

Though some of the  e l e c t r i c a l  parameters of  the  e l e c t r o n i c  power con- 

d i t i o n e r  are, f o r  high power traveling-wave tubes,  more demanding 

than f o r  low power traveling-wave tube ampl i f ie rs ,  the  e l e c t r i c a l  re- 

quirements can be m e t  wi th  a s t a t e -o f - the -a r t  design approach. 

vent iona l  switching regula tor  could be used t o  provide a w e l l  regulated 

input  vo l tage  t o  the  dc-dc as shown i n  Figure 117. 

the  dc-dc converters  would have t o  provide load regula t ion ,  s ince  the  

A con- 

Using t h i s  approach, 
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load w i l l  change with modulation (for the  AM tubes) .  

e f f i c i e n c y  of t h i s  e l e c t r o n i c  power condi t ioner  would be between 70 and 

85% depending on the  required load regula t ion .  

The overall 

The conventional approach t o  t h i s  does not  provide high aff ic iencyyand 

may not  be optimum from a r e l i a b i l i t y  poin t  of view; the  power dens i ty  

required i n  the  common regula tor  may be excessive f o r  r e l i a b l e  operat ion.  

Another approach, which would provide an improved EPC e f f i c i e n c y  and 

o the r  r e a l i z a b l e  advantages, i s  shown i n  Figure 118. This approach 

f ea tu res  a h ighly  e f f i c i e n t  s e l f - r egu la t ing  de-dc converter .  The con- 

v e r t e r  i s  made se l f - r egu la t ing  by sampling the  output  vo l tage  and com- 

par ing i t  with a re ference  vol tage.  The e r r o r  vol tage r e s u l t i n g  from 

t h i s  comparison determines the pulse  width of the base d r ive  con t ro l  

square wave. I t  i s  important t o  understand t h a t  the  output  of the  base 

d r ive  con t ro l  c i r c u i t  does not  provide the  base dr ive .  The base dr ive ,  

a s  w e l l  a s  the  power f o r  the  inve r t e r s ,  i s  taken d i r e c t l y  from the un- 

regulated input.  Since the cont ro l  c i r c u i t s  i n  t h i s  s e l f - r egu la t ing  

de-de converter  operate  a t  low vol tages  and low cur ren t s ,  i t  seems 

f e a s i b l e  t h a t  a l l  c i r c u i t r y  outs ide  the  high vol tage  converter  could 

be contained on one in tegra ted  c i r c u i t  chip,  and the  s a m e  chip would 

be used i n  a l l  converters .  The high vol tage converter  w i l l  be the  only 

p a r t  of t h i s  design t h a t  has t o  handle h?gh cu r ren t s  and withstand high 

vol tages .  Several  techniques have been used i n  high vol tage design f o r  

space use. Considerable s tudy and experimentation might be required t o  

arrive a t  the  b e s t  materials and techniques f o r  the  design of the high 

vol tage converters .  One approach t h a t  can provide the  des i red  pro- 

t e c t i o n  aga ins t  corona, and be l i g h t  weight a t  the  same t i m e ,  i s  t o  

have high vol tage converter  i n  a vacuum with a squib t h a t  can be 

blown a f t e r  reaching o r b i t .  
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XI1 . TRAVELING-WAVE TUBE MODULATOR 

In Section IV F a new scheme was desczibed 

amplification of AN signals with very high efficiency. 
uses .a dual tube approach: a driver tube (preamplifier) which eunplifies 
an FM signal, and a traveling-wave tube modulator. This travehng-wave 
tube modulator incorporates a modulation grid for  the amplitude modu- 

lation. This system works effectively only when no (constant level) 
FM signals are present within the AM signal. 
to separate the audio FM signals with filters and amplify them separately 

with an FM amplifier. 

which permits linear 

This method 

It is therefore necessary 

The audio FM amplifier and the driver tube can operate at saturation, 

since they have to handle only FM sign&&y 
for very high efficiency. Their required power levels are low enough 

so that a light weight highly efficient helix tube can be used. In 
the following the design characteristics of these helix tubes is dis- 

cussed, and the design considerations for the traveling-wave tube 

modulator grid and its characteristics are reviewed. 

They can therefore be'designed 

A .  HELIX DRIVER AND FM AUDIO TUBES 

Helix tubes can be designed for very high efficiency, since the helix 
slow wave structure may provide a high interaction impedance. Unlike 
the coupled cavity circuit, the helix circuit uses its fundamental 

mode for interaction, which is inherently stronger than the space harmonics. 

High interaction impedance for helices requires a small design value of 
yrar For the present tubes yr is chosen to a 

yra = .8. 
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This i s  a value t o  obta in  optimum e f f i c i ency  and high i n t e r a c t i o n  impedance. 

With such low y r  choices the h e l i x  becomes more d ispers ive ,  and i t s  band- a 
width c a p a b i l i t y  i s  then reduced. Hel ix  c i r c u i t s  a r e  therefoze genera l ly  

designed with l a rge r  y r a  values .  

l a rge  bandwidth c a p a b i l i t y  of the h e l i x  i s  not needed and the reduced 

bandwidth c a p a b i l i t y  a t  the  lower y r a  value,  with 5 t o  20% bandwidth, i s  

more than adequate . 

For t h i s  appl ica t ion ,  however, the  

The i n t e r a c t i o n  impedance of the  h e l i x  i s  also a funct ion of i t s  con- 

f igu ra t ion ,  including the  h e l i x  support  s t r u c t u r e .  Such a h e l i x  assembly 

i s  shown schematically i n  Figure 119. To achieve high i n t e r a c t i o n  impedance, 

the  loading by the  d i e l e c t r i c  support  rods and the  ex te rna l  metal envelope 

should be as small a s  poss ib le .  

a d i e l e c t r i c  ma te r i a l  f o r  the support rods,  which has a s m a l l  d i e l e c t r i c  

constant  and s m a l l  l o s ses ,  and by chosing a la rge  r a t i o  of the  metal  

sh i e ld  rad ius  r t o  the  h e l i x  rad ius  r There are seve ra l  d i e l e c t r i c  

ma te r i a l s  ava i l ab le  f o r  these requirements;  however, the  hea t  t r a n s f e r  

c a p a b i l i t y  of these ma te r i a l s  i s  a l s o  of concern, e s p e c i a l l y  f o r  

This can be accomplished by choosing 

S a' 

Figure ' 119 

Helix assembly. 
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the FM audio tube, which has to operate at relatively high parer levels. 

Therefore, beryllium oxide ceramic is chosen for the support rods. 

has a relatively low dielectric constant (E = 6 ) ,  its losses are very 
low, and it provides outstanding thermal. heat transfer due to its ex- 

cellent thermal conductivity. h i s  material is generally used for helix 

tubes with high power levels. The assembly technique for the helix is 

also of concern for good heat transfer. For the power levels of the 

driver tube the conventional "triangulation technique" is entirely adequate. 
ThFs technique assures good heat tzaa;Rfer.between helix and rods, and be- 

tween rods and the metal envelope,by mechanical compression. For the 

higher power levels of the FM audio tubes,however, the triangubtimt 
method becomes marginal. In this case the newly developed brazing 
technique appears to assure much better the required reliability and 

Be0 

life. This technique achieves substantially higher power capability 
for helix tubes'(up to several kilowatts CW at S-band) because o f  a greatly 

improved heat transfer due to an all brazed structure (helix-Be0 rods 

and rods-metal envelope). This techniqughowever, is D i & & d  
difficult to achieve, primarily due to the differentihl thermal expansion 

coefficients of the rods and the metal envelope. It is therefore necessary 
to use a composite barrel envelope, which consists of metal rings with 

different thermal expansion, so that its composite expansion matches that 

of the rods. 
It is proposed 
tube, while the 850 MHz tube, which is much larger, is constructed with 
the triangulation technique. Extensive cold tests with both alumina 
and beryllia rods have been carried out, and it was found that a very high 

interaction impedance K of 

Life data for these types of-tubes are.not yet available. 
to use the brazed construction for the 2 GHz FM audio 

K = 180 ohms 
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can be achieved with beryllia rods at yr = .8 and a large shield radius 
to helix radius ratio of 

a 

r 
- =  2.3 . r 

S 

a 

This configuration is used for the design of the helix tubes. The loss 
constant a was measured at S-band to 

a = .025/cm . 

The loss constant a is assumed to vary with the frequency and impedance 
as 

1 / 2  (& a = proportional (f) 

for the high efficiency computer design analysis. 

Helix tubes can readily be focused with a light weight periodic permanent 

magnetic focusing structure as shown in Figure 120. 

L is chosen to provide high focusing stability for the high efficiency 
h design. A large value of -p is therefore chosen,or 
L 

The magnetic period 

h 

L J . 4 .  

In order to obtain good beam transmission, the beam radius to helix 
radius ratio was chosen to 

- . 7 .  b 
a 

r 
r 
- -  
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*2 

Figure 120 Helix PPM focusing configuration. 

A magnetic peak field B of 

B = 2 $2 Bo 

with 

18 Bo = "Brillouin" field, 

is provided as the focusing field, taking stro* beam bunching and RF 
defocusing into account. The cathode is magnetically 8hialdcd to assuxe 
minimum beam ripples in conjunction with optimised beam launching condi- 

tions of the gun into the focusing field. 

use platinum cobalt magnets to achieve the required fields. 

22 It is necessary, however, to 
The beam 
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area convergence of the gun can be chosen to achieve a low enough 

cathode loading i of 
C 

2 i < 500 mA/cm 
C 

to assure long cathode life. 

Velocity resynchronization is used for efficiency enhancement. These 

techniques have recently proven successful for helix tubes also, result- 

ing in 55% efficiency with a voltage jump at S-band (Figure 10). For 

the helix tube designs, however, a more advanced efficiency enhancement 
scheme, a combination of a voltage jump and a velocity taper,is used. 

The design is illustrated in Figure 121. 
is followed by a velocity taper of v t 
the computer analysis predicts efficiencies of approximately 65% with the 

collector grounded 

tubes. The associated power supplies are illustrated in the diagram of 

Figure 122. 

A voltage jump of V = 1.4 Vo 
j 

= .6 vo. For this combination 

(Vc = Vo). This design approach is used for all helix 

VOLTAGE JUMP 

A X I A L  D I S T A N C E  
Figure 121 Velocity profiles for helix tube with voltage jump and velocity taper, 
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Helix tubes are already well proven for space applications. 

construction techniques have been 

suitable for space environment and proven high reliability and long life. 

Design and 

rfected to achieve rugged structures 

In Table MUTI1 the design parameters for the helix tubes have been listed. 

B. THE MODULATION GRID 

The traveling-wave tube modulator achieves very high efficiency amplifica- 

tion of the AM signal. The key to its operation is the modulation grid, 

where the FM carrier signal and the modulation are recombined in a linear 
fashion. Certain characteristics are required of the modulation grid and 

its drive characteristics. These include its dc grid bias voltage, its 

frequency response, its required maximum modulation drive level, and its 

effects on the beam focusing. 

A typical grid characteristics of a shadow grid gun used in a traveling- 

,wave tube is shown in Figure 123. This grid characteristics is not signi- 

ficantly different from that of a conventional grid, and a conventional 

grid may be used instead for the traveling-wave tube modulator. 

The design requirements for the operation of a traveling-wave modulator 

have been discussed in Section TV F. 

At the lower modulation limit of the AM signal (20 dB below the maximum 

level) the grid drive becomes zero and,consequently, also the beam current 

produced by the grid modulation. At this condition the traveling-wave 

tube modulator gain is required to be zero also. However, in view of 

the gain characteristics of a traveling-wave tube, which produces nega- 
tive gain with very small beam currents as illustrated in Figure 124, 
a small dc current I has to be provided to the tnbe in order to obtain 
zero gain at the lower.AM signal level limit. This dc current is produced 

by a positive grid oltage V (Figure 51). 

0 

go 
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Figure 123 Typical shadow grid characteristics (Hughes 116 CG 
gun) - 
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The input admittance of the grid must be independent o f  the frequency 

of the modulation signal, and its phase delay is required to be constant 

over the modulation frequency bandwidth ( 6  MHz) in order to meet the 
linearity requirements. The input admittance of a grid can be represented 

by an equivalent circuit as shown in Figure 125. Its input admittance 

can be considered to consist of a grid capacitance C which is loaded 

electronically by the electron beam with an electronic capacitance C e 
and an electronic admittance G In addition, an external admittance 
load G is applied to the grid also. This  external load has to be 

large enough so that the input admittance of th.e grid is independent 

of frequency. The bandwidth ('f of the grid admittance can be considered 

adequate when it is much larger than the operational bandwidth Af of 

the modulation signal or 

g' 

e 

L 

g 
m 

A bandwidth of the grid admittance of 

was therefore chosen. This requires that the external load admittance 
G must be as large as L 

Figure 125 Grid input admittance. 
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The grid capacitance C is primarily produced by the capacitive load- 
g 

ing of the grid support, rather than by the grid wire itself. 

value is generally found in the order of 
Zts 

20 to 30 pF 

but with careful design a grid capacitance of 

C = 20 pF 
8 

can be achieved. 

This requires a value of the external grid loading % of 

% = 500 ohms 

to provide the desired bandwidth for the modulation grid. 

The grid characteristics of the gun are generally defined by the p factor. 
This factor defines the ratio of the anode potential (Vo) to the grid 
voltage for full perveance operation of the gun, or 

A large value of the p factor is therefore desirable in order to keep 

the value of the required modulation grid modulation power small. The 

value of the p factor 

For the low perveance 

value of the p factor 

.. 
'1 = 100 

can be larger when the gun perveance is smaller. 

designs of the traveling-wave tube modulators, the 

is estimated to 
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for both the 850 MHz and 2 GHz tubes. The required peak grid modulation 
voltages V are therefore 

g 

V (850 MHz) % 160 V 
V (2 GHz) w 130 V.  
g 

g 

The required peak grid modulation power P is therefore approximately 
g 

P (850 MHz) w 51 watts 

P ( 2 GHz) : 34 watts. 
g 

g 

The modulation amplifier (Figures 55 and 56) has therefore to provide a 

power gain of approximately 20 dB. 

The modulation grid will affect the gun design. The insertion of a 

grid or shadow grid into a gun will generally have a perturbing effect 

on the electron optical gun characteristics. The trajectories of a 

gridded gun are less laminar and the beam contour is expanded, such 
that the beam transmission would be degraded. Therefore guns with 

grids o r  shadow grids are empirically redesigned with a beam tester. 

The design of a gridded gun can be derived from an ungridded gun which 

has a larger-than-required beam area convergence, so that the effect 
of the grid will reduce the beam area convergence to the desired value. 

The perturbing effects of a grid are generally found to be less pro- 

nounced with guns of relatively small beam area convergence, such as 

those of  the proposed AM tubes (Table XIX), which have an area convergence 
of 4.5 (850 MHz) and 10 (2 GHz) .  
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C. TWAKING-WAVE TUBE MODULATOR CHARACTEBISTICS 

The gain and power characteristics of the traveling-wave tube modulators 
has been evaluated with the large signal computer program, which was 
also used for the design of the multi-voltage jump taper configurations. 
For these calculations the following assumptions were made: 

1. The circuit configuration of the traueling-wave tube modulator 
incorporates a multi-voltage jump taper as described in Section V 
(Tables XV and XVI), with a saturation gain of 20 dB. 

beam voltage is assumed to be adjusted for synchronism of the 

The 

beam velocity with the circuit phase velocity, or 

b = 0. 

2. The beam cross-section area is assumed to vary inversely proportional 

with the instantaneous beam current I or i' 

This assumption is valid for Brillouin flow, which occurs with the 

PPM focusing that is used for the traveling-wave tube modulators. The 

beam scalloping is not expected to change significantly with smaller 

beam currents since the electrostatic minimum beam diameter jof the 

gun) becomes smaller with smaller beam currents also. 

3.  The rectified modulation signal is proportional to the relative 
modulation power, corresponding to a 'linea?' rectifier characteristic. 

4 .  The beam current AI increases proportionally with the applied grid 
modulation voltage AV (Figure 51 and 123), i.e., the grid current- 

voltage characteristics is assumed to be linear. 
g 
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The beam current characteristics is shown in Figure 126 

tube. It includes the dc term I due to POS 0 

(in the order of 5% of the total beam current). The 

characteristics for the 850 MHz is very similar. 
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Figure 126 Beam current characteristics of (multi voltage 
jump) traveling-wave tube modulator (computed). 
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The resultant gain characteristics for the 2 GHz modulator is shown 
in Figure 127; a very similar gain characteristics was obtained for 
the 850 MHz tube. The gain characteristic is found to be linear 

from saturation down to 3 dB below Saturation; at lower drive 

levels the gain is found to be lower than that for the required linear 
gain characteristics. 

is shown in Figure 126 also. The deviations between the linear gain current 

and that obtained with an assumed "linear grid modulation" as described 
above is not very large, however. It should not be difficult to design 
a "linearizer" in the modulation signal chain (Figure 55) which provides 
the desired linear gain beam current characteristics for the traveling- 

wave tube modulator. 

The required current for a linear gain characteristics 

MODULATlON 

-22 -20 -18 -16 -14 -12 -10 -8 -6 - 4  -2 0 

p2 P I  

AM SIGNAL Pi (dB)  

Figure 127 Gain characteristics of (multi voltage jump) 
TWT modulator (computed). 
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It should be mentioned that the resultant gain characterist 
traveling-wave tube modulator is also a function o 

guration and its efficiency enhancement design. 

taper configuration was designed for maximum efficiency, but it should 

be possible to modify its design for a more linear gain response. For 
instance, a single voltage jump design was found to pravide considerably 

better gain linearity than that with the multi-voltage jump taper 

(Figure 12 7) . 

The multi 

The spent beam energy distribution was also analyzed for the traveling- 
wave tube modulators at lower driver levels. It was found that the 
spent beam distributions at lower drive levels i s  such that the beam current 

can be collected at the two lowest Potential collector stages (Section V 
C, Table X V I ) .  The collector current distribution therefore shifts at 
lower drive levels to the lower potential collector stages resulting 

in increased efficiency improvements by the collector, 

The dc power drain for the 2 GHz traveling-wave tube modulator is 

shown in Figure 128.(a similar one was obtained for the 850 MHz 

modulator). Even when the power requirements of the driver tube and 

the FM audio tube are included, the power drain drops at low AM levels 
to only 10% of the power drain a t  the peak power level. 

a spectuclar reduction of the power requirements for a traveling-wave 

tube modulator by more than an order of magnitude compared tQ a more 

conventional design approach. 

This represents 
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XI11 SUMMARY OF TUBE DESIGN 

A. DESIGN CHOICES AND ASSUMPTIONS 

The following design choices and assumptions were made f o r  a l l  tubes i n  
order  t o  achieve an optimum design wi th in  the requirements. 

E lec t ron ic  and C i r c u i t  Design 

Slow Wave S t r u c t u r e  

Cold Bandwidth 

a. Coupled c a v i t y  c i r c u i t  f o r  high 
power tubes. 

FM audio ampl i f i e r  
b. Helix s t r u c t u r e  f o r  d r i v e r  and 

60 MHz f o r  a l l  coupled cavi ty  
c i r c u i t s .  

Gap t o  Period Ra t io  of 

Dielectric Loading of Coupled 

Coupled Cavity S t r u c t u r e  g l l  = .2 

Cavity S t ruc tu re  Alumina f o r  850 MHz and 2 GHz 
tubes. 

Propagation parameter y r a  = .8 

Beam t o  C i r c u i t  Radius a .  r,, 

a 
- -  r - .6 (coupled cavi ty)  

b. rb 

a 
- = .7 ( h e l i x  tubes) r 

Velocity Parameter b = O  

Ef f i c i ency  Enhancement of 
C i r c u i t  Sec t  ion  a .  Multi  vo l t age  jump t a p e r  f o r  

coupled c a v i t y  tubes. 

f o r  h e l i x  tubes. 
b. Voltage jump and v e l o c i t y  taper 

ed Col lec tor  
0 p e r  a t  i on a. Four s t age  depressed c o l l e c t o r  

f o r  coupled c a v i t y  tubes 

nded co r f o r  
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Col lector Configurat ion a.  Magnetic refocusing of spent  beam 
and t ransverse  magnetic and elec- 
t r i c  v e l o c i t y  s o r t i n g  with e l e c t r o -  
s ta t ic  secondary suppression f o r  
coupled cav i ty  tubes. . 

Focusing 

Focusing S t a b i l i t y  

Focusing Fie ld  

Magnetic F ie ld  a t  Cathode a .  

b. 

Gun Design 

Cathode Loading 

Cathode Mater ia l  a. 

b. 

Design Approach f o r  AM tubes 

Cooling 

Spacecraf t  Configuration 

b. Conventional f o r  h e l i x  tubes. 

a. PPM f o r  a l l  850 MHz and 2 GHz 

b. Solenoid f o r  8 GHz and 11 GHz 
tubes. 

tubes. 

h 
-E > 4 ( f o r  PPM) L 

B = 2 ( 2 1 ” ~  B~ (PPM) 

B = 2 Bo (Solenoid) 

with 

a. 

b, 

= Br i l lou in  f i e l d .  Bo 

Bc = 0 f o r  PPM 

Kc = .85 f o r  solenoid focusing. 

Convergent gun (Pierce type) 
2 

i < 500 mA/cm 

Oxide coated cathode f o r  a l l  
850 MHz and 2 GHz tubes.  

Impregnated tungsten cathode 
f o r  8 GHz and 11 GHz tubes.  

Dual tube approach with h e l i x  
d r i v e r  tube and TWT modulator, 
separa te  FM ampl i f ie r  f o r  audio 
(he l ix  tube) 

Heat p i p e  system with d i e l e c t r i c  
hea t  p i p e  (DC-200) f o r  tube and 
mul t i  one way hea t  p i p e s  (Dow E) 
f o r  r a d i a t o r  o e r a t i n g  a t  approxi- 
mately T = 100 C. 

Quad panel s l i p  r i n g  configurat ion 
with in t eg ra t ed  hea t  p i p e  and r a d i a t o r  
system. 

C 

8 

Ion Trapping 

Tube Vacuum 
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B. MAJOR DESIGN PARAMETERS 

In Table XXXIII a summary of the major design parameters of the coupled 
cavity tubes is given. 

"he noise figure of high power tubes can not be predicted theoretically. 

However, the measured noise figure of high power tubes is generally in 
the range of 

25 d B L  NF 5 35 dB. 

The noise figure of these design tubes can therefore be expected 

in this range. 
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XIV. CRITICAL DESIGN AREAS 

The tube designs of these studies are intended for an advanced satellite 

transmitter system. The efforts of these studies were, therefore, 

primarily directed to explore new design concepts and approaches for 

traveling-wave tubes, which appear promising to advance the state-of-the- 
art for such tubes, 
traveling-wave tubes, nor even been evaluated experimentally. 

a traveling-wave tube can be designed with such new approaches, however, 

it is first necessary to evaluate the feasibility of these concepts, to 

determine their limitations, and, finally, to establish design procedures. 

Some of these concepts have not yet been used in 
Before 

A discussion of the critical design areas, in order of importance, follows 
below: 

1. Multi voltage jump taper 

This method has been derived and evaluated with a large signal 
computer program, which has provided a useful and accurate analysis 

for similar methods in the past. However, this scheme has not yet 
been demonstrated experimentally. 

2. Multi stage depressed collector 

The multi stage collector design involves several new concepts: 
magnetic refocusing of the spent beam, transverse magnetic and 
electric beam deflection for improved velocity sorting of the 
spent beam, and electrostatic potential barrier for secondary 

suppression. Results of advanced methods of trajectory analysis 
have to be evaluated experimentally before design procedures 
for such collectors can be establi6hed. This is expected to be 
a difficult task in view of the only moderate success, in the 
past, in the development of multi stage collectors. 
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3 .  Traveling-wave Tube modulator 

A l l  components and devices required for the design of a traveling- 

wave tube modulator exist or are within the present state of the 

art. However, the design concept is novel and has to be evaluated 
experimentally, before a traveling-wave tube modulator can be 

developed. 

4. New Construction Techniques 

The multi voltage jump taper and the multi stage collector require 

smaller, yet very reliable and strong vacuum seals for their voltage 

insulation. 

will therefore be required. 

The development of such new construction techniques 

5. Long Life Design of High Power Tubes 

Long life and reliability of high power tubes has not yet been 
advanced ‘IO the extent needed for the design tubes. Processing 

methods and techniques have yet to be developed and proven for 

such tubes, in order to achieve reliable performance and adequate 
life. The life evaluation has to include the voltage jump taper 

technique, the multi stage collector, and the dielectric loading 

method o€  the circuit. 

6 .  Dielectric Heat Pipe 

Dielectric heat pipes are in development for collector cooling 

of high power traveling-wave tubes. The heat pipe requirements 
for the design tubes, however, differs in some respects from those 

of the present development. There is a greater number of electrodes 
with higher potential differences, and the operating temperature will 

be lower. Exploratory development will be required for their design, 
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7. One way Heat Pipes 

These types of heat pipes have been demonstrated experimentally 

for lower power levels. Experimental evaluation of the required 

power levels and operating temperatures will be necessary. 
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xv . CONCLUSIONS 

It has been shown t h a t  the  performance of traveling-wave tubes can be 

s u b s t a n t i a l l y  improved when new design f ea tu res  are incorporated.  

E f f i c i enc ie s  of 70 t o  80 percent become f e a s i b l e  f o r  coupled cav i ty  

tubes with ve loc i ty  resynchroniza t ion  and mul t i  s tage  depressed co l -  

l e c t o r s .  

A new v e l o c i t y  resynchronization scheme f o r  coupled cav i ty  tubes i s  

proposed; the mul t i  vol tage jump technique. This technique permits 

the use of lower perveance and lower power beams i n  the  gun and i n  

the d r i v e r  sect ion.  The focusing requirements are then relaxed and 

a higher  beam s t a b i l i t y  with PPM focusing becomes possible .  The mul t i  

vol tage jump technique a l s o  p e r m i t s  a reduct ion of the vol tage gradient  

compared t o  a s ing le  vol tage jump c i r c u i t .  

extend the  vol tage jump technique t o  higher f requencies  o r  t o  higher 

power l eve l s .  

This makes i t  poss ib le  t o  

A new design approach f o r  m u l t i  s tage  depressed c o l l e c t o r s  i s  shown. 

The concept uses magnetic refocusing of the  spent beam, t ransverse  

magnetic and e l e c t r i c  v e l o c i t y  s o r t i n g  and e l e c t r i c  suppression of 

secondaries.  

The diameter and weight of coupled cav i ty  tubes a t  f requencies  up t o  

C-band can be s u b s t a n t i a l l y  reduced by d i e l e c t r i c  loading of the  cavi ty .  

This has been shown t o  be possible  without s i g n i f i c a n t  degradation of 

o ther  tube performance c h a r a c t e r i s t i c s .  These f ea tu res  can be ineor-  

porated i n  coupled cav i ty  tubes without r e s t r i c t i o n s  t o  t h e i r  bandwidth. 

Their bandwidth can be increased (within the bandwidth l imi t a t ions  of 

a coupled cav i ty  tube) i f  so des i red .  

A new method has been presented f o r  the design of very high e f f i c i ency  

l i n e a r  ampl i f ie rs  f o r  AM s igna ls .  This method uses a d r i v e r  tube and a 
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g r i d  nodulated output tube (TWT modulator) in conjunction with extarnal 
c i r c u i t r y  for 1ineaTiqaSion. 

a r e  expected with t;tZis $ysfeml 

reduced by near ly  an order  of magnitude compared t o  csnv 
ampl i f i e r s  f o r  AM s igna l s .  
o r  coupled cav i ty  tubas,  

Very subs t a n t i a l  e f f i c i ency  irngxovsments 
The dq power requirements Can then be: 

This method is appl icable  t o  either helizr 

t i o n a l  Iinesr 

A new hea t  p i p e  system, cgns i s t lng  p f  a d i e l e c t r i c  heat p i p e  and 
m u l t i p l e  one way heat: p$pq:s f o r  cooling of high power spaice tubes 
has been descr ibed,  
c r a f t  vehicle snd permi,t$ u t i l i z a t i o n  Q E  a larger are8 o f  the space- 
c r a f t  sur faces  f o r  waste heat rad iq t ion .  The copl iqg ayskem opstptcs 
a t  lower temperatures without we0ght penalry,  and higher Fube reltan 
b i l i t y  can be expected. 

This  system i s  an i n t e g r a l  p a r t  o f  the space- 
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APPENDIX 

TELEVISION STGNAL TRANSMISSION 

In the most straightforward system to be considered, the video waveform 

is extracted from the envelope of the incoming signal by detection and 

used to modulate an amplified carrier in the final stage. In general, 
for practical reasons, the re-transmitted carrier frequency will differ 

from that of the received signal. 

The output from the traveling-wave tube will then be passed through a 
suitable vestigial sideband filter to remove the unwanted part of the 

lower sideband, and the remaining signal conforming with the required 

bandwidth standards will be fed to the antenna system. 

In order to assess the relative efficiencies of the signal processing 
systems which form the subject of this study an analysis has to be made 

of  the amount of power which is involved in the removal of the lower 
part of the lower sideband, i.e., the part of the sideband furthest 

from the carrier. 

Since the high frequency end of the sideband spectrum contains in- 
formation which is related to the fine detail of the picture, the 

actual amount of, power involved in this part 5s entirely dependent 

on the nature of the picture being transmitted. 

The lower frequency part of the spectrum (below 750 KHz), on the 

other hand, contains almost the whole of the power associated with 

picture synchronization in addition to that relating to the broader 

areas of the picture. 
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The fraction of the power associated with synchronization varies with 

picture content but represents approximately 30% of a peak black trans- 
mission. This is therefore a minimum value, and typically the synchroniz- 

ing power will be a larger fraction af the transmitted power, 

In order to have its,Fourier components fall entirely within the upper 
frequency portion of the sideband spectrum (above 750 KIiz), a picture 

element would have to be contained in less than 2-1/22 of the horizontal 
width of the picture. 

Based on the foregoing considerations, it would be reasonable to anti- 

cipate that, in fact, for a typical transmitted picture, the percent- 

age of the total power removed by the vestigial sideband filter would 

be quite small. 
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Attention: NASA Representat ive 

Radio Corporation o f  ATerica 
Astro-Electronics Division . 
Princeton,  Xew J e r s e y  08!3~0 
Attent ion;  R. B. Marstin 

TRW Systems 
One Space Park 
Redondo Berch, C a l i f o r n i a  90276 
Attention: W. A. Finley/Space Vehicle IZivisLon 
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General Dynamics 
Convair Divis ion 
P. 0. Box 1128 
San Diego, C a l i f o r n i a  92112 
Attention: F. J. Dore/Advanced Programs 1 

Hughes Aircraft Company 
Space Systems Divis ion 
1194 West Je f f e r son  Boulevard 
Culver Ci ty ,  C a l i f o r n i a  YO230 
Attention: H. A. Rosen/Sate l l i t e  Systems Laboratory 

General E l e c t r i c  Company 
Missile and Space Divis ion 
Val ley  Forge Space Technology Center 
P. 0. Box 8555 
Phi lade lphia ,  Pennsyl-vania 19101 
Attention: H. C o l l i n s  

P. Nadler 

Federa l  Cornmica t ions  Commission 
521 Twelfth S t r e e t  
Washington, D. C. 20554 
Attention: H, Fine 

U'. S. In fo rna t ion  Agency 
'25 44 S t r e e t  S.W. 
Washington, De C. 29547 
Attention: IBS/EE'/G. Jacobs 

General a e c t r i c  Company 
Tube Department 
Iblicrouave Tube Business Sec t ion  
Schenectady, New York 
Attent ion:  R. Dehn 

L i t t o n  I n d u s t r i e s  
Elec t ron  Tube Divis ion 
960 I n d u s t r i a l  Road 
San Carlos,  C a l i f o r n i a  94070 
Attention: Dr. G. Pokorney 

J, O r r  

S-F-D Labora tor ies  Inc. 
800 Rahway Avenue 
Union, New J e r s e y  0708 
At t en t ion  : 
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Hughes Aircraft Company 
Elec t ron  D y n d c s  Division 
P. 0. Box 2999 
Torrence, C a l i f o r n i a  90509 
Attent ion:  Dr. J. Mendel 

Watkins Johnson Company 
333 Hil lv iew Avenue 
P d o  Alto, C a l i f o r n i a  94301r 
Attention: Dr. D, Watkins 

Varian Associa tes  
611 Hansen Way 
P d o  Alto, C a l i f o r n i a  9.~303 
Attent ion:  F. Melzer 

Radio Corporation o f  America 
I n d u s t r i a l  Tube Divis ion 
Lancaster , Pennsylvania  
Attention: W. P. Bennet t  


